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Abstract

Nowadays, the ever-increasing demands on higher data rates and better service
performance have posed extremely huge challenges to the existing wireless commu-
nications within sub-6 GHz bands, mainly due to the spectrum scarcity in lower
frequency bands. In recent years, the millimeter-wave (mm-wave) technology, as a
promising candidate to meet the aforementioned demands, have attracted exten-
sive research attention, and has been regarded as one of the key enablers for the
forthcoming the 5th generation (5G) mobile communications. The main features
of mm-wave communications include: abundant spectral resources, high penetra-
tion loss, severe path loss, weak multi-path effects, and narrow antenna beams, and
these particular features make the potential challenges and solutions with mm-wave
differ a lot from those in the conventional 6-GHz systems.

It is known that the high throughput and the low latency are two critical quality-
of-service (QoS) aspects in future mobile networks, while the related research with
mm-wave are fairly recent and insufficient in the past few years. Motived by the
urgent needs for further development and the blanks remained in previous works,
in this doctoral thesis, we investigate the throughput and the latency in mm-wave
networks through conducting performance analyses and identifying design princi-
ples, with the objective of seeking clues for improving the QoS of mm-wave wireless
communications in practice.

Our main research regarding throughput and latency in mm-wave networks
that are included in this doctoral thesis can be categorized from the following three
aspects:

(i) Throughput of mm-wave relay networks: For indoor scenarios, we study the
half-duplex (HD) relaying with mm-wave in the presence of random link
blockages, where a distance-based routing algorithm is proposed to maxi-
mize the throughput. For outdoor scenarios, focusing on a two-hop amplify-
and-forward (AF) relay network in the HD or the full-duplex (FD) mode, we
investigate the impacts of beamwidth, ground reflections, and self-interference
coefficient on the throughput, where Gaussian-type directional antenna model
and two-ray channel model are jointly adopted.

(ii) Latency analysis via stochastic network calculus: With the aid of stochas-
tic network calculus, we derive upper bounds for the probabilistic delay to
keep track of the latency performance of buffer-aided mm-wave networks.
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We mainly study mm-wave systems designed in tandem or parallel manners,
and also consider a hybrid design that combines the tandem and parallel
schemes in a flexible manner. Moreover, the capability of achieving low-latency
mm-wave communications is characterized and investigated in terms of effec-
tive capacity, and the comparison among different transmission schemes is
conducted to identify the respective strengths and proper conditions for their
applications.

(iii) Traffic allocation for low-latency mm-wave systems: Traffic allocation schemes
for low latency in buffer-aided mm-wave networks are investigated. Due to
the use of buffers, the delay optimization problem hereby differs from those
without buffers, where the conventional graph-based network optimization
techniques become intractable. We demonstrate the impacts of different traf-
fic allocation schemes on the latency. For multi-hop networks with multiple
parallel channels in each hop, we consider both local and global traffic alloca-
tion schemes, quantify their resulting end-to-end (E2E) latencies, and analyze
the respective strengths and weaknesses.



Sammanfattning

Dagens konstant ökande efterfr̊agan p̊a högre datahastigheter och bättre prestanda
har skapat extremt stora utmaningar för existerande tr̊adlös kommunikation i
band under 6 GHz, framförallt p̊a grund av brist p̊a spektrum i de lägre ban-
den. De senaste åren har millimeterv̊ags (mm-v̊ag) teknologier, som anses vara en
lovande metod för att uppfylla ovan nämnda krav, f̊att stort forskningsgenomslag
och ses därför som en nyckel i realisationen av kommande 5:e generationens (5G)
mobila kommunikationssystem. N̊agra av de utmärkande egenskaperna för mm-
v̊agskommunikation är: kraftigt ökade spektrala resurser, höga överförings- samt
penetrations-förluster, svaga effekter fr̊an flervägsutbredning och smala antenn-
str̊alar. Dessa egenskaper skapar unika utmaningar som skiljer sig markant fr̊an
de som traditionella 6 GHz system ställts inför.

Det är välkänt att hög överföringshastighet och l̊ag latens är tv̊a kritiska kvalitets-
markörer i framtida mobila nätverk, men relaterad forskning inom mm-v̊ags kom-
munikation har varit otillräcklig under de senaste åren. I denna doktorsavhandling,
motiverad av kraven p̊a utveckling samt fr̊agor som st̊ar obesvarade inom detta
omr̊ade, utforskar vi överföringshastighet och latens i mm-v̊ags-nätverk genom att
utvärdera prestanda samt utveckla designprinciper. Motivet är att söka ledtr̊adarna
för att i praktiken förbättra upplevd kvalitet i tr̊adlös mm-v̊ags-kommunikation.

Den forskning relaterad till överföringshastighet samt latens i mm-v̊ags-nätverk
som presenteras i denna avhandling kan delas in enligt följande tre kategorier:

(i) Överföringshastighet i mm-v̊ags relänätverk: I inomhusscenarier studerar vi
halvduplex (HD) reläöverföring med mm-v̊ag d̊a nätverkslänkar blockeras
slumpmässigt. En distans-baserad routing-algoritm som maximerar överföring-
shastigheten presenteras. I utomhusscenarier fokuserar vi p̊a ett tv̊a-stegs
förstärk-och-vidarebefodra relänätverk i HD eller full duplex (FD) läge. Vi
utforskar effekterna av str̊albredd, markreflektioner samt självinterferens p̊a
överföringshastigheten, där en direktiv antennmodell av Gaussisk typ samt
en tv̊avägskanalmodell appliceras.

(ii) Latensanalys via stokastisk nätverksanalys: Med hjälp av stokastisk nätverk-
sanalys härleder vi övre gränsvärden för probabilistiska fördröjningar med
syftet att utvärdera latens-prestandan i buffrade mm-v̊ags-nätverk. Vi stud-
erar serie- samt parallellkopplade mm-v̊ags-system p̊a ett flexibelt sätt, samt
utvärderar även en hybrid design där de tv̊a kombineras. Utöver detta används
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effektiv kapacitet för att studera förm̊agan att uppn̊a l̊ag latens i mm-v̊ags-
kommunikation, och en jämförelse mellan olika överföringstekniker utförs för
att identifiera styrkor samt lämpliga förutsättningar för deras applicering.

(iii) Trafikallokering för mm-v̊ags-system med l̊ag latens: Trafikallokering schemea
för l̊ag latens i buffrade mm-v̊ags-nätverk utvärderas. Minimering av fördröjningar
skiljer sig som optimeringsproblem i nätverk med och utan buffrar, där tra-
ditionella graf-baserade nätverksoptimerings-tekniker inte längre fungerar i
den förstnämnde. Vi demonstrerar implikationerna av traffikallokeriong p̊a
latensen. I multi-hop nätverk med flera parallella kanaler i varje steg un-
dersöker vi b̊ade lokala samt globala allokerings-tekniker, kvantifierar deras
resulterande totala fördröjning samt analyserar deras respektive styrkor och
svagheter.
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Introduction

1.1 Backgrounds

Due to the rapid development of electronic technologies and computer science, the
conventional wireless communications within lower frequency bands, i.e., sub 6 GHz,
become insufficient to support the ever-increasing demands on a higher through-
put and better network performance for various emerging applications. Thus, the
capability of the existing the 3rd generation (3G) or the 4th generation (4G) mo-
bile networks for meeting the requirements above are seriously challenged. To en-
able a broad classes of potential applications and scenarios, i.e., enhanced mobile
broadband (eMBB), massive machine-type communciations (mMTC), and ultra-
reliable and low-latency communication (URLLC) [3GP17], the unprecedentedly
high throughput and low latency are the two key characteristics to be fulfilled in
future mobile networks, i.e., 5G and beyond.

As one of the key enablers of 5G communications, mm-wave technology exhibits
appealing potential to remarkably improve the network performance from many as-
pects, e.g., data rate, latency, and energy consumption [ABC+14]. These attractive
benefits have attracted massive attention for standardization, e.g., IEEE 802.15.3c,
IEEE 802.11ad, WirelessHD specification, and wireless gigabit alliance (WiGig).
The mm-wave radios in 5G mobile networks usually refer to the electromagnetic
waves with frequency roughly among 24 GHz to 300 GHz [XMH+17]. In contrast
to radios in lower frequency bands, i.e., ≤ 6 GHz, mm-wave signals encounter much
severer atmospheric attenuations (see Fig. 1.1). Therefore, mm-wave technologies
are recommended for short-range communication scenarios, e.g., wireless personal
area networks (WPAN) and wireless local area networks (WLAN).

Compared to the existing radio technologies in sub-6 GHz bands, there are two
major advantages of adopting mm-wave in future mobile networks, i.e., abundant
spectral resources and short wavelength. Specifically:

• The available bandwidth in total for the current mobile networks is roughly
780 MHz [RSM+13], while the potentially available bandwidth of mm-wave in
total is at least 150 GHz (even excluding those higher atmospheric absorption

3
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Figure 1.1: Attenuation by atmospheric absorption in differ frequency bands.

bands shown in Fig. 1.1). The abundance of spectral resources in mm-wave
allows ultra-high data rates up to gigabits per second (Gbps).

• We know that mm-wave radios have much shorter wavelengths than those
in sub-6 GHz bands. Thus, tens-to-hundreds of antenna elements can be in-
tegrated onto small-size chips in an ultra-dense fashion, thereby producing
highly directional antennas. The high directivity not only indicates the high
antenna gain for throughput improvement, but also enhances the spatial reuse
and mitigates the interference in the presence of concurrent transmissions.

In spite of the huge benefits mentioned above, mm-wave communications how-
ever also have several critical technical challenges that need to be addressed as
below:

• From the Friis transmission formula, it is known that the free-space path loss
increases with the square of the carrier frequency, indicating that mm-wave
radios suffer much higher path loss than sub-6 GHz radios. Paired with the
higher signal attenuation induced by atmospheric absorption, the propagation
attenuation in mm-wave bands is rather severe.
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• Due to the short wavelength, the multi-path effects in wireless communica-
tions, e.g., diffraction and higher-order reflection, are rather weak in mm-wave,
and the penetration loss of mm-wave signals is significantly higher than the
sub-6 GHz counterpart. Hence, it is more desirable to fulfill mm-wave commu-
nications in line-of-sight (LoS) scenarios, since the link connectivity cannot be
guaranteed in the presence of non-line-of-sight (NLoS). This particular prop-
agation characteristic makes mm-wave links rather vulnerable to blockage
caused by objects emerging between the transmitter and the receiver.

Fortunately, the clues to solve the difficulties above can be found from the advanced
mm-wave technologies or the existing schemes in conventional mobile networks.
For instance, highly directional mm-wave antennas or beamforming techniques in
massive multiple-input multiple-output (MIMO) systems are usually employed to
combat the propagation attenuation. Besides, for link blockage, proper relaying or
cooperative strategies along with networking designs are capable of preserving the
connectivity and ensuring the network coverage.

As aforementioned, the high throughput and the low latency, as two of the
critical features of 5G mobile networks, have raised extensive research interest, and
numerous efforts have been dedicated to these two topics with the past few years.
Due to the fact that studies towards those aspects are fairly recent, our research
is motivated by the blanks in existing works and hence conducted to explore the
further potential of improving the performance for networks with mm-wave. In what
follows, we will briefly present our research regarding the throughput and latency
of mm-wave networks, where performance analyses are conducted and potential
design principles are identified.

1.2 Our Research in Brief

In this section, we will discuss our contributions in the study regarding the per-
formance of mm-wave communications from the perspective of throughput and
latency. Specifically, in the first part of this section, we focus on the problem of
throughput in mm-wave relay networks, where the impacts of a few important fac-
tors, i.e., random link blockages, beamwidth of directional antennas, and ground
reflections, will be investigated. We have studied this problem in [YDX15, YX18],
which are labeled as Paper J1 and Paper J2 in this thesis, respectively. In the second
part, we focus on the problem of latency in buffer-aided mm-wave networks, where
stochastic network calculus is employed for analysis. We have studied this problem
in [YXAZ+18,YXP18], which are labeled as Paper J3 and Paper J4 in this thesis,
respectively. Finally, we focus on the problem of traffic allocation to achieve low
latency in mm-wave networks. We have studied this problem in [YXAH18,YHX18],
which are labeled as Paper J5 and Paper J6 in this thesis, respectively.

For each paper, we will briefly discuss the previous related works, present the
system model and methodology used in the paper, demonstrate the central results,
and summarize the concluding remarks.
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Contributions by the author

The contributions of the author included in papers come from the author’s own
research, in collaboration with co-authors as listed. The author of this thesis is the
main contributor in all included papers, especially regarding theoretical analysis,
computer simulations, and paper writing.

1.2.1 Throughput of mm-wave relay networks

J1: Maximum Throughput Path Selection with Random Blockage for
Indoor 60 GHz Relay Networks [YDX15]

In this paper, we have studied the throughput maximization problem of 60 GHz
indoor communications in the presence of random link blockages. Given sufficiently
precise network topology information, we proposed a generic algorithm, namely
maximum throughput path selection (MTPS), to select the optimal path that max-
imizes the throughput for networks with a central coordinator and multiple relays.

Backgrounds In the past decade, many efforts have been devoted to the study
of link blockage in 60 GHz indoor scenarios [MEP+10,GT12,JPK+13]. To combat
link blockages, commonly, there are two methods to maintain the link connectivity,
i.e., via relay(s) [LLNS04,GOON10] or reflection(s) [GKZV09,GRON10]. Then the
problem can be interpreted as the optimal routing in 60 GHz networks, which has
been widely investigated. For instance, a geographic routing protocol for multi-hop
LoS transmissions was proposed in [CHS+09], and a link scheduling scheme for
multi-channel wireless mesh networks was studied in [SZ09]. To find the optimal
relay path that maximizes the throughput, a routing algorithm regarding relay with
deflection was proposed in [LSW+09].

In spite of numerous achievements in the field of 60 GHz networking, there still
remain several open problems that are outlined from the following aspects:

• In [CHS+09, SZ09, LSW+09, CCSM10, QCSM11], link blockage is not incor-
porated in the proposed routing schemes.

• Although 60 GHz relaying are studied in [LLNS04, GOON10, LPCF12], the
network is restricted to two-hop networks, and it is not clear how to optimize
the relaying path.

• For preserving the link connectivity, measurements have shown that reflection
signals are viable [DLZ12, SZM+09, GRON10, ASP+09, SLC11, Fan08], while
related closed-form analysis is missing.

• The multi-hop concurrent transmission (MHCT) by [CCSM10, QCSM11] is
limited to linear networks, and its performance in networks with arbitrarily
placed nodes or link blockage is not clear.
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Figure 1.2: Randomly distributed nodes in a circular space, where the relay node is
placed at the center and two communicating user nodes N1 and N2 are randomly
located in the hall with radius R0.

Motivation & Contributions The motivation of our research stems from the
unsolved problems summarized above, and the corresponding outcomes build up our
contributions. Specifically, in our work, we take into account the link blockage and
develop a generic routing scheme, where relay selection and reflection utilization are
both incorporated to maximize the throughput. The benefit of the proposed MTPS
mainly lies in its low computational complexity, i.e., O

(
n2) with respect to n relays,

in contrast to O (n · n!) via a brute-force manner. In addition, an analytical model
for reflected signals is provided, and the placement of communicating nodes can be
arbitrary. These contributions address the limitations in previous research works.

Model, Methodology & Analysis As an example, we consider a 60 GHz net-
works consisting of a pair of communication nodes N1 and N2 (randomly placed
within a circular space) and one HD relay (located at the center C), as shown in
Fig. 1.2. Supposing N1 and N2 are uniformly distributed in the circular area, and
their distances to the center C are denoted by L1 and L2, respectively. Through-
out our study, decode-and-forward (DF) relaying is assumed for analyzes. The LoS
link between any two nodes encounter blockage caused by an obstacle (e.g., human
body) in probability. We assume that the reflection path between any two nodes
is always available [MEP+10]. In light of above settings, the average throughput is
investigated via considering the following for cases:

• Case I (LoS): only LoS link is available,

• Case II (LoS, Relay): both LoS and relay paths are available,

• Case III (LoS, Reflection): both LoS and reflection paths are available,
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• Case IV (LoS, Relay, Reflection): LoS, relay, and reflection are available.

Regarding the random link blockage model, we assume the probability that an
obstacle emerges outsides all potential links is 1−p for p ∈ (0, 1). In other words, the
blockage probability p denotes the probability that any one of all potential links
encounters obstruction. In this work, we consider two types of random blockage
models, namely topology-independent model and topology-dependent model. More
specifically, given M links, labeled as k ∈ [M ], if a link blockage event has occurred,
then the probability that link k is blocked, denoted by pk, is given by pk = pτk,
where the distribution coefficient τk differs for two distinct models, i.e.,

(a) τk = M−1 for topology-independent model,

(b) τk = lk ·
∑M
i=1 li for topology-dependent model, with respect to the length li

for link i.

Here, the topology-dependent model stems from the fact that longer links are more
likely to be blocked.

In our study, a central coordinator is assumed for the indoor communications, to
collect and update necessary information, manage the path selection process, and
coordinate the scheduled communications. A practical example of such coordinator-
aided systems is the high rate WPAN with a piconet coordinator or indoor network
with an access point. With the assistance of central coordinator, the communication
protocol for routing is outlined as follows:

(i) the coordinator monitors the network and updates a modified adjacency ma-
trix that includes the location information of all nodes,

(ii) upon the request from a source-destination pair, the coordinator selects the
optimized path that gives the maximum throughput,

(iii) the coordinator sends out the communication schedule to the source-destination
pair and the selected relay nodes.

The first two steps are accomplished via performing the weighted distance calcula-
tion and the maximum throughput path selection, respectively (refer to Algorithm 2
and Algorithm 3 in Paper J1 for details).

We note that distance between nodes plays an important role in our algorithms.
Thus, we introduce two notions, namely relay-prioritized region and critical dis-
tance, to decide if a relay should be incorporated in the routing.

Definition 1.2.1 (Relay-prioritized Region). We define relay-prioritized region
(RPR) as the area in which relaying can provide a higher transmission rate than
the LoS path.
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Specifically, with the HD relaying, let l, l1, l2 denote the length of the LoS path
and the two relaying paths, respectively, the RPR exists if and only if

R (l1)R (l2)
R (l1) +R (l2) > R (l) , (1)

for some l1, l2 > 0 and l1 + l2 ≥ l, where R(·) denotes of the rate with respect to
the link length. It is worth noting that the RPR may not always exist.

Definition 1.2.2 (Critical Distance). We define critical distance as the minimum
distance between a pair of nodes for the existence of the RPR.

Proposition 1.2.1. Given the signal-to-noise ratio (SNR) α and the path loss
exponent n, the RPR exists if and only if

d ≥ d∗ , n

√
α

2n − 2 , (2)

where d is the communication distance and d∗ is the critical distance.

We can see that using relays is more advantageous in the presence of higher
path loss, since critical distance ld∗ decays as n grows.

With the RPR and the critical distance, the optimal routing can be determined
via performing Algorithm 2 and Algorithm 3 in Paper II. Applying the follow-
ing Proposition 1.2.2, the throughput of HD relaying network with respect to the
optimized path can be obtained.

Proposition 1.2.2. For an L-hop channel, let Ri be the capacity of each individ-
ual channel i, i = 1, 2, . . . , L, the maximum achievable rate R∗ over the cascaded
channel under the HD constraint is given by:

R∗ = min
{

R1R2

R1 +R2
,
R2R3

R2 +R3
, · · · , RL−1RL

RL−1 +RL

}
. (3)

Performance Evaluation In performance evaluation, we consider a scenario
where N = 20 obstacles are randomly distributed within a circular hall of radius
R0 = 15 meters and the HD relay node is deployed at the center of the hall. The
default transmit power is Pt = 0.1mW with bandwidth W = 1200 MHz.

The average throughput of using relaying and/or reflection with the topology-
independent random blockage model is shown in Fig. 1.3. In the presence of many
obstacles (N = 20) with p ∈ (0.1, 0.2), the average throughput is improved by
roughly 10 times via introducing an HD relay node. Resorting to reflection paths
is not significantly advantages for small p (< 0.05), while it outperforms that of
relaying for p > 0.35. Without reflection, the average throughput for the LoS and
(LoS, relay) scenarios both encounter drastic decrease, which however can be sig-
nificantly mitigated by adding a relay node. When reflection is incorporated, the
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Figure 1.3: Average throughput [Mbps] versus link blockage probability p for
topology-independent models.

average throughput of roughly 290 Mbps is still available even if the link blockage
probability is very high. Besides, we notice that although increasing the transmit
power can improve the average throughput, it is not an effective way to combat
link blockage (see the resulting average throughput by adopting Pt = 0.2 mW and
Pt = 1 mW).

In Fig. 1.4 we show the performance difference via applying the two random link
blockage models (topology-independent and topology-dependent). For the (LoS,
Relay) scenario, the difference can be remarkable when p is high. However, the gap
is much smaller when reflection is taken into account. This is because the reflection
paths are assumed to be always available and therefore not subject to link blockage.

Concluding Remarks We have studied the throughput of indoor 60 GHz com-
munications over relaying networks, where the communication between two nodes
can be established either by the LoS path, via an HD relay, or via the reflection
path. To maximize the throughput in the presence of random link blockages, we
propose the MTPS algorithm to select the optimal transmission path. Given n relay
nodes, we show that the complexity of the proposed algorithm is O(n2), in contrast
to O(n · n!) by the brute-force approach. Results have demonstrated that:

• The average throughput can be remarkably improved by using more relays.
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Figure 1.4: Impact of blockage probability p on average throughput [Mbps] in the
topology-dependent or topology-independent model.

• Reflection path is quite beneficial to preserve the link connectivity, especially
when the link blockage probability is high.

• Distinct random blockage models may result in remarkably different perfor-
mance in terms of average throughput.

J2: Performance Analysis of Millimeter-Wave Relaying: Impacts of
Beamwidth and Self-Interference [YX18]

In this paper, we have studied the maximum achievable rate of a two-hop AF
relaying system with mm-wave. Specifically, with Gaussian-type directional antenna
and two-ray mm-wave channel incorporated, we have investigated two AF relaying
schemes, namely HD and FD, where the impacts of beamwidth, self-interference
and ground reflections are studied.

Backgrounds It is well known that the severe path loss is a typical challenge in
mm-wave communications, and one common solution is to use directional antennas,
such that the power can be concentrated along the desired orientation for transmis-
sion [RRS+05,YYMZ06,Epp06,WNLa+14]. Usually, an idealized radiation pattern
(often referred to as the “flat-top” model, which consists of a large constant antenna
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gain within the narrow main-lobe and zero elsewhere) was widely used for perfor-
mance analysis [WNE02,KPL03,SMM11]. Note that mm-wave signals suffer higher
penetration loss, weaker diffusion, diffraction, and high-order reflections [GKZV09],
which restrict mm-wave to short-range wireless communications. Thus, relays may
be used for mm-wave systems to achieve higher coverage and robustness. Numerous
efforts have been devoted to exploring potentials of performance enhancement via
relays in mm-wave communications [GOON10,DSZC13,RST14,LJT14].

However, for mm-wave relaying systems with directional antennas, there are two
major limitations in the existing works:

• Although the sectorized model (refer to [WNLa+14,SGFF+15,BH15], consist-
ing of only two constant gains for main and side lobes without any transition)
is extensively used for modeling the radiation pattern of directional antennas,
a crucial “roll-off” feature (a gradual decay from the main lobe to the side
lobe) of the real-world radiation pattern for directional antennas is missing,
thereby potentially causing discontinuity in performance assessments.

• Most of the preceding works (e.g., [GKZV09, SGFF+15, SKGA15, TBHJ16])
do not consider the impact of ground reflections, which is commonly re-
garded as first-order reflections that however have been shown not negligi-
ble in mm-wave communications [GRON10, YDX15, LvdBS+16, VH16]. The
conventional mm-wave channel model usually considers the LoS path only, po-
tentially leading to the imprecision in performance evaluations when omitting
the non-negligible effects of reflections.

Motivation & Contributions To address the aforementioned two concerns, we
jointly consider the Gaussian-type directional antenna model [Gag12,MiW14,TH15]
and the two-ray channel model [Gol05,RJLMPG17] in our study. Under these two
models, the objective of our work is to investigate the maximum achievable rates
of a two-hop AF relaying system with mm-wave, where both HD and FD modes
with a sum-power constraint are considered.

Main contributions of our work can be briefly presented as below:

• With a two-ray channel model, the impact of main-lobe beamwidth θm on
the rate of mm-wave relaying systems scales as O

(
min

{
θ−1
m , θ−2

m

})
.

• The rate of mm-wave relaying systems with an FD relay scales as O
(
µ−

1
2

)
,

where µ ∈ (0, 1) characterize the self-interference cancellation.

• The constructive or destructive contribution of ground reflections is indeed
nontrivial, which contradicts the conventional belief that the effect of ground
reflections is negligible in mm-wave communications.
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Figure 1.5: Two-hop AF relaying system: two-ray channel and directional antennas.

Model, Methodology & Analysis An illustration of two-hop AF relaying sys-
tem is given in Fig. 1.5, where the source node, the destination node and the relay
node are denoted by S, D and R (in the HD or FD mode), respectively1. Directional
antennas are employed at all nodes. Regarding mm-wave channels, we denote by
hi ∈ C, i ∈ {1, 2} the channel coefficients of links S − R and R −D, respectively.
For simplicity, small-scale fading and shadowing effect are not considered in this
paper.

In the two-ray channel model, hi for i ∈ {1, 2} are given as
h1 =

λ
(
G (0) +G (θ1) Γ (θ1) cos (θ1) e−j∆ϕ1

)
4π
√

(HS −HR)2 + L2
1

h2 =
λ
(
G (0) +G (θ2) Γ (θ2) cos (θ2) e−j∆ϕ2

)
4π
√

(HR −HD)2 + L2
2

, (4)

where λ denotes the wavelength, and θi for i ∈ {1, 2} denote the reflection angles
relative to the ground plane:

θ1 = arctan
(
HS +HR

L1

)
and θ2 = arctan

(
HR +HD

L2

)
. (5)

Furthermore, the phase differences ∆ϕi are expressed as
∆ϕ1 = 2π

λ

(√
(HS+HR)2+L2

1 −
√

(HS−HR)2+L2
1

)
∆ϕ2 = 2π

λ

(√
(HR+HD)2+L2

2 −
√

(HR−HD)2+L2
1

) . (6)

1We assume that there exists no direct link between S and D in our scenario.
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The reflection coefficient Γ (θi) with reflection angle θi [Gol05] is given as

Γ (θi) = ω sin θi −
√
ω − cos2 (θi)

ω sin θi +
√
ω − cos2 (θi)

. (7)

where ω denotes the dielectric constant of ground. In our work, the radiation pattern
G (·) for Gaussian-type directional antenna is given as

G (φ) = 2π
2π + 42.6443θm

· 102.028
[
1−( 2φ

θm
)2]+

. (8)

For notational simplicity, we define gi , |hi|2 and C(s) , log2 (1 + s) in what
follows. Besides, ξi with i ∈ {1, 2} denotes the transmit powers on the ith hop, and
ξ denotes the sum-power constraint. The maximum achievable rates with respect
to different duplex modes are given as below.

For two-hop AF relaying with HD, the maximum achievable rate of via time
sharing and power allocation is formulated in the following proposition.

Proposition 1.2.3. For two-hop HD-AF relaying, given sum-power constraint
βξ1 + (1− β) ξ2 = ξ, the maximum achievable rate is formulated as

η∗HD = max
0≤β≤1
ξ1,ξ2≥0

βξ1+(1−β)ξ2=ξ

min


βC (g1ξ1) ,

(1− β)C
(

g1g2ξ1ξ2
1 + g1ξ1 + g2ξ2

) . (9)

However, it is non-trivial to solve the optimization problem formulated in Propo-
sition 1.2.3, since the selection of the optimal time-sharing parameter and power
allocation are intertwined with each other (refer to the sum-power constraint βξ1 +
(1− β) ξ2 = ξ). In this case, we are unable to decouple the constraints straightfor-
wardly, such that it is intractable to obtain a closed-form solution for η∗HD.

For two-hop AF relaying with FD, the maximum achievable rate of by applying
power allocation is given in the following proposition.

Proposition 1.2.4. For two-hop FD-AF relaying, given the sum-power constraint
ξ1 + ξ2 = ξ, the maximum achievable rate is

η∗FD = C

(
g1g2ξ

2

2+(g1+g2+µ) ξ+2
√

(1+g1ξ) (1+g2ξ) (1+µξ)

)
, (10)

where the optimal power allocation is given as
ξ∗1 = ξ

√
1 + (µ+ g2) ξ + µg2ξ2

√
1 + g1ξ +

√
1 + (µ+ g2) ξ + µg2ξ2

ξ∗2 = ξ
√

1 + ξg1√
1 + ξg1 +

√
1 + (µ+ g2) ξ + µg2ξ2

. (11)
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With the maximum achievable rates given in Proposition 1.2.3 and Proposi-
tion 1.2.4, we have following theorems regarding the impacts of beamwidth and
self-interference coefficient on the maximum achievable rate.

Theorem 1.2.1. With respect to beamwidth θm, we have η∗HD ∈ O
(
min

(
θ−1
m , θ−2

m

))
and η∗FD ∈ O

(
min

(
θ−1
m , θ−2

m

))
.

The unsurprising result in Theorem 1.2.1 is in line with the fact that a narrower
beamwidth enables a higher achievable rate.

Theorem 1.2.2. η∗FD is strictly convex and monotonically decreasing with respect
to self-interference coefficient µ ∈ (0, 1), and η∗FD ∈ O

(
µ−

1
2

)
.

Theorem 1.2.2 shows the convexity and monotonicity of η∗FD with respect to
µ, indicating the critical role of the self-interference coefficient in improving the
performance of FD-AF mm-wave relaying.

Performance Evaluation In performance evaluation, for simplicity, we consider
a linear network, i.e., L1 +L2 = L, where all nodes are deployed with the identical
height, i.e., HS = HR = HD = H.

Maximum achievable rates of different mm-wave systems are illustrated in Fig. 1.6.
For HD-AF relaying, a performance gain, i.e., roughly 5 dB, is achieved when us-
ing the optimal time-sharing scheme, compared to β = 1

2 . For FD-AF relaying,
η∗FD substantially increases when µ reduces. We note that a smaller µ is impor-
tant for FD-AF relaying with mm-wave, particularly given a medium or high ξ,
i.e., ξ ≥ 100 dB, while the impacts of µ are relative smaller for ξ ≤ 90 dB. It can
be seen that, if a higher ξ is given, the direct transmission is the best choice. For
relaying schemes, FD-AF relaying with a small µ should be adopted for scenarios
with medium ξ, while HD-AF relaying is more suitable for scenarios with low ξ.

The impacts of beamwidth are shown in Fig. 1.7. The performance of all schemes
suffer degradation as θm increases, where direct transmission encounters the fastest
decay, and FD-AF follows. The tendency that the maximum achievable rate de-
grades as θm as O

(
min

{
θ−1
m , θ−2

m

})
is reflected from all curves. Compared to η∗HD,

we see that η∗FD dramatically decreases when θm grows, indicating that FD-AF
mm-wave relaying is more sensitive to the variation of beamwidth. A higher η∗FD
can be achieved if a smaller µ (e.g., µ ≤ −90 dB) and θm (e.g., θm ≤ π

6 ) are given.
Otherwise, HD-AF or direct transmission strategy gives better performance. Given
ξ = 100 dB, we figure out that the direct transmission outperforms HD-AF when
sharp beams are used.

Fig. 1.8 depicts the contribution of ground reflections, where curves labeled with
“1-ray” are taken as references, corresponding to the conventional modeling method
based on LoS only. Evidently, rates with the two-ray model (labeled with “2-ray”)
heavily rely on L1 and L2. Also, the performance fluctuations resulted by ground
reflections, which become significant as θm grows, are not as minor as commonly
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Figure 1.6: Maximum rates of direct transmission and both AF relaying schemes
under different sum-power constraints, where L1 = 80 m and θm = π

6 .

believed. The observations conveys an insight that, if the beamwidth is not very
small, a proper deployment of relay can exploit constructive ground reflections,
thereby gaining considerable improvements in rates. When θm gets smaller, the
rate with the “2-ray” model converges to that with the “1-ray” model, indicating
that the “1-ray” model only fits scenarios with very sharp beams.

The impact of µ on the rate of the FD-AF mm-wave relaying is shown in Fig. 1.9.
As aforementioned in Theorem 1.2.2, η∗FD varies in the convex and decreasing man-
ner with respect to µ. Hence, slightly reducing µ can achieve a remarkable per-
formance improvement, and the gain becomes significant at lower µ and higher
ξ.

Concluding Remarks We have studied the maximum achievable rate of the two-
hop AF relaying system with mm-wave, where both HD and FD are discussed. With
the joint treatment of the two-ray mm-wave channel and Gaussian-type directional
antenna, we have investigated the impact of the beamwidth and the self-interference
coefficient. Under sum-power constraint, results have shown that:

• FD outperforms HD only if both the beamwidth θm and the self-interference
coefficient µ are small.
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2 ) with different beamwidth under a sum-power
constraint ξ = 100 dB are applied, and L1 = 80 m.

• If the sum-power budget ξ is sufficiently high or the beamwidth θm is suffi-
ciently small, the best option would be the direct transmission.

• For both relaying schemes, the rate scales as O
(
min

{
θ−1
m , θ−2

m

})
, and the rate

for FD-AF scales as O
(
µ−

1
2

)
.

• Ground reflections may significantly affect the performance of mm-wave com-
munications in a constructive or destructive manner.

1.2.2 Latency analysis via stochastic network calculus
J3: Analysis of Millimeter-Wave Multi-Hop Networks with Full-Duplex
Buffered Relays [YXAZ+18]

In this paper, using stochastic network calculus based on moment generating func-
tion (MGF), we have analyzed the two critical performance guarantees, namely
the total backlog and the E2E delay, where buffer-aided relays are incorporated
in multi-hop mm-wave networks. We have studied the effect of self-interference at
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FD relays on the network performance and proposed an optimal power allocation
scheme to improve network performance.

Backgrounds In mm-wave communications, multi-hop buffered network is a
promising solution to deal with the unprecedented data volumes and to mitigate the
effects of serious path loss over long distances and/or the effect of NLoS, while main-
taining the traffic flows’ QoS requirements. Also, in order to improve the network
throughput, FD relays may be used since they allow simultaneous transmission and
reception. In spite of self-interference, FD relaying is still promising in enhancing the
network throughput through interference cancellations [DS10, JCK+11, CJS+10].
Numerous efforts dedicated to FD relaying with mm-wave can be found in [LJT14,
MKJ+16,WZS+16a,AH16,DCK16,WZSH16].

Stochastic network calculus is extensively employed for assessing network perfor-
mance in the presence of stochastic arrivals and/or service process. In the pioneering
literature [Cha00,CCS01,LBL07], MGF-based characterizations were developed to
model traffic and service processes with independent increments and to utilize the
independence among multiplexed flows, the MGF-based network calculus was pro-
posed [Fid10]. However, the conventional MGF-based network calculus cannot be
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4 and L1 = 100 m.

extended to analyzing wireless networks, due to the existence of logarithm operator
for channel capacity (often treated as instantaneous service process). To address
this intractability, in the recent work [AZLB16], the (min,×) network calculus ap-
proach was proposed, which is capable of giving probabilistic performance bounds
directly in terms of the fading channel parameters via the transfer between the “bit
domain” and the “SNR domain”. To apply the (min,×) network calculus to non-
identically distributed multi-hop wireless networks, a recursive formula for delay
bound computation was developed in [PAZKG15].

However, the following two major limitations are still not addressed in the ex-
isting literature:

• Although network calculus has developed for decades, its application to wire-
less networks analysis is fairly few, and the self-interference factor was not
taken into account in most of previous works that are associated with FD
relays.

• The performance guarantees of mm-wave multi-hop wireless networks consid-
ering heterogeneous self-interfered channels have not yet been studied before.
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Figure 1.10: A multi-hop wireless network with n full-duplex relays.

Motivation & Contributions Our work is motivated by the importance and
the potential of mm-wave buffered networks in future mobile communications along
with the aforementioned unsolved limitations in preceding research. Specifically,
our objective is to study the total backlog and delay performance, in the presence
of self-inferred mm-wave channels, constrained sum-power budget and given QoS
requirement. Main contributions of our work can be outlined as below:

• In contrast to the recursive method developed in [PAZKG15], we derive per-
formance bounds for homogeneous and heterogeneous wireless networks in a
straightforward manner, which make a general contribution to the theory of
stochastic network calculus.

• In the presence of self-interference and sum-power constraint, a power allo-
cation scheme is developed to optimize the network performance, and the
impacts of self-interference coefficient on the two performance guarantees are
studied.

Model, Methodology & Analysis An illustration of multi-hop mm-wave net-
work is given in Fig. 1.10, which consists of a source S, n (n ≥ 1) FD relays Ri,
i ∈ [n] and a destination D. For simplifying illustration, the labels 0, 1, . . ., n+1 are
assigned to the ordered nodes, where S and D correspond to nodes 0 and (n+ 1),
respectively. We label the channel between nodes (i − 1) and i as the ith hop in
the set of hops IH, i.e., i ∈ IH = [n+ 1], and the distance between adjacent nodes
by li. We denote the channel gain coefficient of the ith hop by gi. In this work, we
mainly consider large-scale fading, e.g., shadowing, in mm-wave bands. Given the
separation distance li, a generalized expression of gi based on path-loss model is
given as [RRE14,RMSS15]

gi[dB] = − (α+ 10β log10(li) + ξi) , (12)

where α and β are the least square fits of floating intercept and slope of the best
fit, and ξi ∼ N (0, v2

i ) corresponds to the log-normal shadowing with variance v2
i .

A self-interference coefficient µ ∈ (0, 1) is introduced to characterize the self-
interference residing at FD relays [DS10]. In the presence of self-interference, the
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Figure 1.11: A queuing model for a store-and-forward node.

signal-to-interference-plus-noise ratio (SINR) in the ith hop, denoted by γi, for the
described channel is γi = κ · ωi · gi with ωi given as

ωi =


λi−1

1 + µiλi
, i ∈ [n]

λi−1, i = n+ 1
, (13)

where κ is a scalar determined by system configurations, λi , Pi
N0

is the transmitted
SNR at node i defined by the transmit power Pi and background noise powerN0. We
also assume a sum-power constraint Ptot throughout our work, i.e.,

∑n
i=0 Pi = Ptot.

Equivalently, given a constant background noise power N0 for all hops, the sum-
power constraint can be reformulated as

∑n
i=0 λi = λtot ,

Ptot
N0

.
We assume the stochastic process of each hop to be stationary and indepen-

dent in time. That is, we can use a series of independent random variables γi to
characterize the multi-hop channels, namely, γ(k)

i
`= γi in all time slot k, where `=

denotes equality in law (i.e., in distribution)2. We decompose the set of hops, IH,
into m subsets, Xk, k ∈ IM = [m], where, IH =

⋃m
k=1 Xk, with Xi

⋂
Xj = ∅ for all

i, j ∈ IM such that i 6= j, where Xk is defined as the set of indices such that

Xk = {j ∈ IH, k ∈ IM : Fγj (x)=F 〈k〉(x)}, (14)

where FX(x) is the probability density function (p.d.f.) of the random variable X,
F 〈k〉(x) represents a unique distribution function corresponding to the subset of
i.i.d. hops denoted by the index k ∈ IM. We emphasize that |IH| ≥ |IM|, where
|Y| represents the cardinality of the set Y, and the equality is attained when the
multi-hop network is fully heterogeneous.

An illustration of traffic and service process is given in Fig. 1.11, where A (s, t),
S(s, t) and D (s, t) denote the cumulative arrival process, service process, and de-
parture process, respectively. For notational simplicity in analyses below, we de-
fine pt−sa (θ) , exp (−θσ (θ)) · MA (θ, s, t) and qt−s (−θ) , MS (θ, s, t) regarding

2The log-normal shadowing resulted by objects obstructing the propagation of mm-wave radios
is incorporated in the channel gain coefficient. Normally, shadowing is not spatially independent.
However, considering the fact that highly directional antennas are commonly used for mm-wave
communications, it is safe to assume the independence across hops.
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the MGF-based characterizations of arrival and service, respectively, where σ (θ)
characterizes the burstiness of stochastic arrivals. Solving bε′ for probabilistic back-
log requirement Pr

(
B(t) > bε

′
)
≤ ε′ and wε

′ for probabilistic delay requirement

Pr
(
W (t) > wε

′′
)
≤ ε′′, we have [Fid06b,AZLB16]

bε
′

= inf
θ>0

{
1
θ

(log M(θ, t, t)− log ε′)
}

(15)

and
wε
′′

= inf
{
w : inf

θ>0
{M(θ, t+ w, t)} ≤ ε′′

}
, (16)

where M(θ, s, t) is defined as

M(θ, s, t) , exp (θσ (θ)) ·
min(s,t)∑
u=0

pt−ua (θ) · qs−u (−θ) . (17)

We notice that, with the specific fading characteristic of mm-wave channels in
our study, i.e., log-normal shadowing, it is intractable to give the MGF of cumulative
service process in closed-form, since the shifted log-normal random variable has no
closed-form expression for the inverse moment. Instead, in the following theorem,
we present an upper bound for q (−θ) to characterize the MGF of Shannon-type
service processes S(s, t).

Theorem 1.2.3. An upper bound for q (−θ) is given as

q(−θ) ≤ min
u≥0

(1 + δNδ(u))−ηθ +
Nδ(u)∑
i=1

aηθ,δ(i)Fγ(iδ)

 ,

where Fγ (·) denotes the cumulative distribution function (c.d.f.) of the log-normally
distributed SINR γ, and Nδ(u) and aθ,δ(i) are respectively given by Nδ(u) = buδ c
and aθ,δ(i) = (1 + (i− 1)δ)−θ − (1 + iδ)−θ.

Note that the tightness of the bound for q (−θ) depends on the parameter δ,
the discretization step size. A smaller step size yields a tighter upper bound while
leading to higher computational costs. More details can be referred to in [YXG+16].

Recalling (15) and (16), it can be seen that M (θ, s, t) plays an important role
in obtaining the probabilistic backlog bε

′ and probabilistic delay wε
′′ . Hence, in

what follows, we focus on computing M (θ, s, t) for multi-hop wireless networks.
Associated with the channel classifications in terms of Xi for i ∈ [m], we define
q̂i (−θ) to uniquely characterize the MGF of the cumulative service process for
channels in the subset Xi, such that q̂i (−θ) 6= q̂j (−θ) for all i 6= j.

Regarding multi-hop wireless networks with heterogeneous channels in general,
an upper bound for M(θ, s, t) is provided in the following Theorem 1.2.4.
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Theorem 1.2.4. Let m be the number of subsets of identically distributed channels,
τ , max(s − t, 0), and Vi (θ) , pa(θ) · q̂i(−θ), a upper bound for M(θ, s, t), θ > 0,
for the (n+ 1)-hop wireless network is given by

M(θ, s, t) ≤ eθσ(θ)

ps−ta (θ)
·
m∑
i=1

ψi(θ) · V m−1
i (θ) · Kτ,n,m (Vi (θ)) , (18)

whenever the stability condition, max
i∈IM

{Vi(θ)} < 1, is satisfied. Here, ψi (θ) for all
i ∈ {1, . . . ,m} is defined as

ψi (θ) ,


∏
j 6=i

(Vi(θ)− Vj(θ))−1
, m ≥ 2

1, m = 1
, (19)

and Kτ,n,m (x) is defined as

Kτ,n,m (x) , xτ ·
(
n+ 1−m+ τ

n+ 1−m

)
· 2F1 (1, n+ 2−m+ τ ; τ + 1;x) ,

where pFq (a; b;x) denotes the Generalized Hypergeometric Function with vectors
a = [a1, . . . , ap] and b = [b1, . . . , bq].

If the multi-hop network is homogeneous, then applying the result from The-
orem 1.2.4 for computation would be rather complex, due to the generalized hy-
pergeometric function. The following Theorem 1.2.5 is proposed to simplify the
computation with homogeneity, where q̂ (θ) characterizes the MGF of service pro-
cess for all channels.

Theorem 1.2.5. For homogeneous (n+ 1)-hop wireless networks characterized by
the MGF service bound q̂(θ), and for any θ > 0, given pa (θ) we have

M(θ, s, t) ≤ eθσ(θ)

ps−ta (θ)
· Gτ,n (pa(θ)q̂(−θ)) , (20)

where τ , max(s − t, 0), whenever the stability condition, pa(θ)q̂(−θ) < 1, holds.
Here, Gτ,n (x) is defined as

Gτ,n (x) , min
(

min
(
1, xτ

(
n+τ
n

))
(1− x)n+1 ,

1
(1− x)n+1 −

(
n+ τ

n+ 1

)
xτ−1

)
. (21)

In what follows, we investigate the power allocation scheme in the presence
of the self-interference, which enables the minimum E2E delay under sum-power
constraint. We denote by Ξn ⊂ Rn+1

+ the set of feasible power allocation schemes
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with respect to n intermediate nodes. Besides, the sum of all allocated power should
be constrained by the total power budget, i.e.,

PΣ ,
∑
i∈IH

Pi ≤ Ptot, (22)

where Ptot is the total power budget. A power allocation vector P , {Pi}i∈IH ∈ Ξn

is called as a feasible scheme if the power constraint above can be satisfied.
Prior to developing the optimal power allocation, the following two lemmas are

given as preliminaries. Specifically, Lemma 1.2.1 tells that, given a feasible power
allocation, the maximal network service capability is achieved only when the SINRs
for all hops are identically distributed, and Lemma 1.2.2 indicates the existence and
uniqueness of the optimal power allocation vector P∗ when PΣ = Ptot.

Lemma 1.2.1 (Sufficiency). Given the sum transmit power budget Ptot for a
(n+ 1)-hop wireless network, a feasible power allocation P∗, where PΣ = Ptot,
that results in identically distributed SINR over all hops maximizes the lower bound
on network service process whenever such P∗ exists.

Lemma 1.2.2 (Existence). Given a (n+ 1)-hop wireless network operating under
transmit power budget Ptot, there always exists a unique optimal power allocation
P∗ such that PΣ = Ptot, among all feasible P ∈ Ξn in terms of maximizing a lower
bound on network service process.

Based on the above two lemmas, an optimal power allocation incorporating
self-interference is elaborated in the following Theorem 1.2.6. For tractability, we
assume the shadowing variance ν2

i for all n + 1 channels are identical, while the
self-interference coefficient µi at the ith FD relay and the hop length li of the ith
channel can be distinct.

Theorem 1.2.6. Given the total power budget Ptot, i.e., PΣ ≤ Ptot, and the back-
ground noise power N0, for the mm-wave channel described in (12), and let x∗
denote the positive solution for the algebraic equation

n+1∑
k=1

(
n+1−k∑
i=0

νi,k

)
xk = Ptot

N0
, (23)

with νi,k given by

νi,k = µ−1
i+k ·

k∏
u=1

µi+u · lβi+u. (24)

Then there exists a unique optimal power allocation strategy P∗ ∈ Ξn, such that

P ∗i = N0

n−i+1∑
k=1

νi,k · (x∗)k , for i ∈ IH .
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Figure 1.12: Violation probability ε vs. targeted theoretical backlog bounds bε,
compared to simulations for different ρa = 1, 1.5 and 2 Gbps, with n = 10, and
δ = 10−2 and δ → 0, respectively.

Performance Evaluation In performance evaluation, we assume the following
configurations regarding the multi-hop buffer-aided network: (i) constant-rate ar-
rivals without burstiness, i.e., σ(θ) = 0 and ρ(θ) = ρa; (ii) identical µ for all relays,
and uniform and linear relay deployment; (iii) infinite buffer at each relay, i.e., no
overflow; (iv) time-slotted system with time intervals of 1 second. For the sake of
simplicity, in what follows the analytic bounds for homogeneous scenarios are all
illustrated by Theorem 1.2.5, while heterogeneous counterparts are provided by
applying Theorem 1.2.4.

Considering a tandem 60 GHz network consisting of n = 10 relays that have
identical self-interference coefficient µ = −80 dB and the total power budget
λtot = 134 dB, we show the total backlog and the E2E delay in Fig. 1.12 and
Fig. 1.13, respectively, where Theorem 1.2.5 is applied for computation since the
optimal power allocation in Theorem 1.2.6 enables the homogeneity. We find that
the bound accurately predicts the slope of the simulation curve, and the gap dimin-
ishes asymptotically. It can be seen that the performance with δ = 10−2 is close to
that by δ → 0, while a smaller δ may be required as the system utilization becomes
higher (i.e., higher arrival rate ρa). Two figures above indicate the availability of
the derived bounds for asymptotic performance analysis.

Fig. 1.14 illustrates benefits of using the optimal power allocation on reduc-
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Figure 1.13: Violation probability ε vs. targeted theoretical delay bounds wε, com-
pared to simulations for different ρa = 1, 1.5 and 2 Gbps, with n = 10, and δ = 10−2

and δ → 0, respectively.

ing the E2E delay. A uniform power allocation, i.e., {Pi}ni=0 = 50
11W, is taken as

a reference. The upper bound associated with the optimal power allocation (see
Theorem 1.2.5 for the homogeneous case) is asymptotically tight, while its coun-
terpart (see Theorem 1.2.4 for heterogeneity with m ≥ 2 due to the non-optimal
power allocation) is not. The slackness of bounds for the heterogeneous scenario
comes from producing a binomial coefficient in Theorem 1.2.4, which is a relaxed
coefficient for the simplified and unified purpose. In this sense, the recursive ap-
proach by [PAZKG15] is able to give a tighter bound at the expense of higher
computational complexity for the heterogeneous cases. Observing the slope of the
probabilistic E2E delay, we also note that the network without the optimal power
allocation suffers severer performance degradation.

Varying self-interference coefficient µ or the number of relays n, the probabilistic
E2E delay bound wε is shown in Fig. 1.15. For noise-limited scenarios, the delay
bound is less sensitive to the variation of relay numbers (actually a higher relay
density constructively contribute to decreasing the delay, which however is not
displayed here), while for interference-limited scenarios, either a lower or a higher
relay density outperforms that in between significantly.
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Figure 1.14: Violation probability ε vs. targeted theoretical delay bounds wε, com-
pared to simulations for two power allocation strategies, with µ = −80 dB, n = 10,
ρa = 1 Gbps and δ = 10−2.

Concluding Remarks We have investigated the probabilistic total backlog and
the E2E delay for multi-hop mm-wave networks with FD buffered relays, via MGF-
based stochastic network calculus. Results showed that:

• The derived bounds for multi-hop networks are asymptotically tight, indi-
cating the capability of keeping the track of probabilistic backlog and delay
performance in a low-complexity and straightforward manner.

• The optimal power allocation in the presence of self-interference plays a crucial
role in improving network performance, and it is beneficial to reduce the self-
interference coefficient.

• Given a sum-power constraint, a higher relay density does not always guar-
antee a better network performance unless the self-interference coefficient is
sufficiently small.

J4: Low-Latency Millimeter-Wave Communications: Traffic Dispersion
or Network Densification? [YXP18]

In this paper, we have considered the distinct strategies, namely traffic dispersion
and network densification, which are potentially used in future mobile networks
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Figure 1.15: Probabilistic delay bound wε vs. n and µ jointly, with ε = 10−6.

for low latency, and we have investigated their latency performance in terms of
probabilistic delay and effective capacity. A hybrid scheme that combines these
two strategies has also been studied. The respective benefits of traffic dispersion,
network discussion and the hybrid scheme have been discussed.

Backgrounds Latency as an important metric for QoS plays a crucial role in the
5G mobile communications [FZM+17, SMS+17, OBB+14]. Particularly, for delay-
sensitive applications, the queuing delay has attracted massive research attention,
since it is the major contributor to the total delay in buffer-aided wireless net-
works. In [FZM+17], critical challenges and possible solutions for delivering E2E
low-latency services in mm-wave cellular systems were surveyed from various per-
spectives, e.g., protocols at the medium access control (MAC) layer, congestion
control, and core network architecture. By applying the Lyapunov technique for
the utility-delay control, the problem of ultra-reliable and low-latency in mm-wave-
enabled massive MIMO networks was studied in [VLB+17]. For systems with buffers
at transceivers, the probabilistic delay for point-to-point mm-wave communications
is analyzed in [YXG+16], where the delay bound was derived based on network cal-
culus theory.

In queuing theory, the key idea to reduce the queuing delay is to keep low service
utilization. Commonly, low service utilization is achieved via offloading the arrival



1.2. Our Research in Brief 29

traffic or improving the service capability. In wireless networks, offloading the arrival
traffic can be realized by adopting the traffic dispersion scheme (stemming from
the distributed antenna system (DAS) or remote radio head (RRH) in mm-wave
communications), and service enhancement can be realized by adopting the network
densification scheme (motivated from the fashion of dense facility deployments).
Both traffic dispersion and network densification are promising and competitive
candidates for low-latency mm-wave communications. In the past decade, numerous
efforts have been dedicated to the research regarding the dispersion scheme (e.g.,
[MPH06, PFLZ12, RFC12, HCCP16, FJ16, RPC16]) and multi-hop relaying scheme
(e.g., [CBL06,LH08,BA09,AZLB16]).

Motivation & Contributions The motivation of our research comes from the
following two facts: (i) For the mentioned traffic dispersion and network densifica-
tion schemes, their potential in achieving low-latency communications is not clear
yet, although many related works have been done. (ii) A combination of traffic
dispersion and network densification should work well in certain scenarios, thereby
deserving to be thoroughly studied.

The objective of our work is to investigate the capabilities of traffic dispersion,
network densification, and the hybrid scheme in reducing the E2E latency of buffer-
aided networks. Main contributions are summarized as below:

• We comprehensively investigate the respective strengths of above two strate-
gies and propose a generic hybrid scheme, i.e., a flexible combination of traffic
dispersion and network densification. Probabilistic delay bounds for traffic
dispersion, network densification, and the hybrid scheme are derived, respec-
tively, with respect to networks with heterogeneous settings.

• With Nakagami-m fading in mm-wave channels, the MGF of the service pro-
cess is provided in closed-form, and the availability of using (min,+)-algebra
to address problems in wireless communications indicates an alternative par-
allel to the (min,×)-based methodology.

• For traffic dispersion, we show the maximum effective capacity and identify
the condition for achieving the optimum. Also, for network densification and
the hybrid scheme, we derive lower and upper bounds to characterize their
actual effective capacity.

Model, Methodology & Analysis For simplicity, we assume constant arrival
rate ρ for the incoming data traffic, i.e., A (s, t) = ρ · (t− s) for any 0 ≤ s ≤ t. The
mechanisms of the two schemes illustrated in Fig. 1.16 are respectively described
as follows:

• For traffic dispersion (see Fig. 1.16a), the original arrival traffic is partitioned
into multiple sub-streams by the data splitter, where a set deterministic split-
ting coefficients (z1, z2, · · · , zn) satisfying

∑n
i=1 zi = 1 is adopted to gener-
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(a) Traffic Dispersion

(b) Network Densification

Figure 1.16: Illustrations of two schemes for reducing latency for mm-wave commu-
nications: (a) traffic dispersion, and (b) network densification.

ate multiple sub-streams. Each sub-stream subsequently is served and deliv-
ered towards the receiver through the given path, independently, and all sub-
streams are combined through the data merger from different paths, thereby
forming the output traffic.

• For network densification (see Fig. 1.16b), multiple relays3 as servers are de-
ployed along the source-destination transmission path. Due to the concatena-
tion of relying nodes, the output traffic departing from one node is the input
traffic for the next node.

Paired traffic dispersion with network densification, a hybrid scheme is established,
as shown in Fig. 1.17.

Different from the large-scale fading model in [YXAZ+18], we hereby con-
sider the small-scale fading in mm-wave bands, which is commonly modeled as
a Nakagami-m random variable [BH15,YZHL17]. Assuming the small-scale fading
channel with Nakagami-m distribution is independent and identically distributed
(i.i.d.) over time in terms of blocks, i.e., i.i.d. block fading, the capacity of mm-wave
channel is

C = B log2
(
1 + ξγl−α

)
, (25)

3FD relay nodes are used, and the self interference is not taken into account for simplicity.



1.2. Our Research in Brief 31

Figure 1.17: Hybrid scheme for low-latency mm-wave communications.

where l, α, γ, and B denote the separation distance, the path-loss exponent, and
the transmit power normalized by the background noise, and the bandwidth, re-
spectively. The random variable ξ follows the normalized Gamma distribution, i.e.,
ξ ∼ Γ

(
M,M−1), with respect to Nakagami parameter M , and its p.d.f. is

f
(
x;M,M−1) , xM−1 exp (−Mx)

M−MΓ (M) ,

where Γ (z) ,
∫∞

0 zt−1 exp (−t) dt is the gamma function for < (z) > 0.
In what follows, regarding the MGF-based characterizations for arrival traffic

A (s, t) and service process S (s, t), we respectively adopt

MA (θ, s, t) = exp (θ · ρ · (t− s)) , µt−s (θ) (26)

and

MS (θ, s, t) = exp
(
−θ ·

t−1∑
i=s

C(i)

)
, U t−sC (ηθ) , (27)

with UC (x) for x > 0 defined as

UC (x) ,
(
Mlα

γ

)M
Γ (M)

∫ ∞
0

exp
(
− tMlα

γ

)
tM−1 (1 + t)−x dt. (28)

To distinguish the MGFs of service process in different schemes, we use the following
distinct notations:

• for traffic dispersion, we use MSi (θ, s, t) , ψt−si (θ) for i ∈ [m];

• for network densification, we use MSi (θ, s, t) , φt−si (θ) for i ∈ [k];

• for the hybrid scheme, we use MSi,j (θ, s, t) , ϕt−si,j (θ) for i ∈ [m] and j ∈ [k].
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In Theorem 1.2.7, we give an upper bound for the probabilistic delay of traffic
dispersion, where µi(θ) , exp (θρi) is defined subject to

∑m
i=1 ρi = ρ.

Theorem 1.2.7. Let W (t) , max {W1 (t) ,W2 (t) , · · · ,Wm (t)} be the delay for
the traffic dispersion scheme with m independent paths, where Wi (t) denotes the
delay on the ith path. Then, for any w ≥ 0, the probabilistic delay is bounded as
follows:

Pr (W (t) ≥ w) ≤ 1−
m∏
i=1

[
1− inf

θi>0

{
ψwi (θi)

1− µi (θi)ψi (θi)

}]+
,

whenever the stability condition µi (θi)ψi (θi) < 1 holds for some θi > 0 and all
i ∈ [m], where [x]+ , max {x, 0} for x ∈ R.

An upper bound for the probabilistic delay of network densification is given in
the following Theorem 1.2.8.

Theorem 1.2.8. Let W (t) be the E2E delay of a k-hop network. Then, for any
w ≥ 0, the probabilistic delay is bounded as follows:

Pr (W (t) ≥ w) ≤ inf
θ>0


µ−w (θ)

∞∑
v=w

∑
k∑
i=1

πi=v

k∏
i=1

(µ (θ)φi (θ))πi


,

whenever the stability condition µ (θ)φi (θ) < 1 holds for some θ > 0 and all i ∈ [k].

In light of Theorem 1.2.7 and Theorem 1.2.8, an upper bound for probabilistic
delay of the hybrid scheme is given in the following Theorem 1.2.9.

Theorem 1.2.9. Assuming m (m ≥ 1) independent paths for the hybrid scheme
system, with ki hops on the ith path for 1 ≤ i ≤ m, we define p̂i for any given
w ≥ 0 as

p̂i , inf
θi>0


µ−wi (θi)

∞∑
v=w

∑
ki∑
j=1

πj=v

ki∏
j=1

(µi (θi)ϕi,j (θi))πj


.

Then, the E2E probabilistic delay is upper bounded as

Pr (W (t) ≥ w) ≤ 1−
m∏
i=1

[1− p̂i]+ ,

whenever the stability condition µi (θi)ϕi,j (θi) < 1 holds for some θi > 0 and all
i ∈ [m] and j ∈ [ki].
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Subsequently, effective capacity is adopted to analyze the performance of the
three different scheme, which is defined as

C (−θ) , lim
t→∞

logMS (θ, 0, t)
−θt

. (29)

We hereafter mainly consider homogeneous settings for three schemes, aiming at
obtaining closed-form expressions for fair comparisons without loss of tractability.
We denote by L the E2E distance between the source and the destination (in
network densification and the hybrid scheme, L is assumed to each independent
path). Also, we assume that all transmitters are subject to sum-power constraint
γ.

An upper bound for the effective capacity of traffic dispersion is given in Theo-
rem 1.2.10.

Theorem 1.2.10. Given sum power constraint
∑m
i=1 γi = γ, the effective capacity

C (−θ) is upper bounded as

C (−θ) ≤
m log

((
MmLα

γ

)M
U
(
M, 1 +M − ηθ, MmLα

γ

))
−θ

,

where the equality holds if γi = m−1γ for all i ∈ [m].

For network densification with homogeneity, upper and lower bounds for the
effective capacity are derived in the following Theorem 1.2.11.

Theorem 1.2.11. For homogeneous network densification with k independent hops,
given θ > 0, the effective capacity is upper bounded as

C (−θ) ≤ −k
θ

log
((

MLα

γkα−1

)M
U

(
M, 1 +M − ηθ

k
,
MLα

γkα−1

))
,

and it is lower bounded as

C (−θ) ≥ −1
θ

log
((

MLα

γkα−1

)M
U

(
M, 1 +M − ηθ, MLα

γkα−1

))
.

Combining the results in Theorem 1.2.10 and Theorem 1.2.11, upper and lower
bounds for the effective capacity of the hybrid scheme are given in the following
Theorem 1.2.12.

Theorem 1.2.12. For the homogeneous hybrid scheme with m independent paths
and k = n/m relay nodes per path, given θ > 0, the effective capacity is upper
bounded as

C (−θ) ≤ −n
θ
· log

((
M (mL)α

γnα−1

)M
U

(
M, 1 +M − ηθ

k
,
M (mL)α

γnα−1

))
,
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and it is lower bounded as

C (−θ) ≥ −m
θ
· log

((
M (mL)α

γnα−1

)M
U

(
M, 1 +M − ηθ, M (mL)α

γnα−1

))
.

Performance Evaluation In performance evaluation, we adopt the homoge-
neous settings for the sake of fairness and simplicity. The general system configu-
rations are summarized as follows: the bandwidth is allocated with B = 500 MHz,
the path loss exponent α = 2.45, Nakagami-m parameter M = 3, and the source-
destination distance L = 1 km.

Fig. 1.18 shows the violation probabilities of delay for traffic dispersion and
network densification. In both Fig. 1.18a and Fig. 1.18b, the numerical results for
probabilistic delay bound accurately characterize the slope of the simulated result.
Given sum transmit power and arrival rate, we note that the gain by increasing n
is more significant to network densification than to traffic dispersion.

Fig. 1.19 illustrates the effective capacity for traffic dispersion and network den-
sification. The minor gap between the derived lower and upper bounds for network
densification indicates the feasibility of using bound to keep track of the actual ef-
fective capacity. Traffic dispersion is substantially remarkable when the sum power
is high, while network densification performs better for lower sum power. We find
that the advantage of traffic dispersion diminishes when the sum transmit power
or the number of independent paths decreases.

The effective capacity of the hybrid scheme with 1 ≤ m ≤ n for given n = 12 is
illustrated in Fig. 1.20, where the actual effective capacity is characterized by lower
and upper bounds. With a lower sum power, e.g., γ = 70 dB, C (−θ) decays as m
grows. For higher γ, e.g., γ = 85 dB, C (−θ) first goes up and falls down afterwards.
In this sense, arranging the number of independent paths and the number of hops
per path plays an important role in maximizing the effective capacity.

Concluding Remarks We have considered three transmission schemes, namely,
traffic dispersion, network densification, and the hybrid scheme, and have investi-
gated their E2E performance in terms of probabilistic delay and effective capacity.
Results have demonstrated that:

• Traffic dispersion, network densification, and the hybrid scheme show own
strengths, with respect to high, lower and medium sum transmit powers,
respectively.

• More independent paths or higher relay density is always advantageous for
reducing the E2E communication delay, while the performance gain heavily
relies on the arrival rate and the sum power budget, jointly.
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Figure 1.18: Violation probability εw vs. targeted delay bound w for two different
schemes, where ρ = 2 Gbps and γ = 85 dB.
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Figure 1.19: Effective Capacity C (−θ) vs. sum transmit power γ for two transmis-
sion schemes, where QoS exponent θ = 2. Here, U.B. and L.B. stand for “upper
bound” and “lower bound”, respectively.

1.2.3 Traffic allocation for low-latency mm-wave systems

J5: Low-Latency Heterogeneous Networks with Millimeter-Wave
Communications [YXAH18]

In this paper, we have considered a heterogeneous network (HetNet) with mm-wave
that consists of one macro-cell evolved NodeB (MeNB), two small-cell evolved
NodeB (SeNB)s and one user equipment (UE), where buffers are adopted both
at the MeNB and the SeNB. We have discussed several transmission schemes and
demonstrated the potential of collaborative networking in reducing the latency.

Backgrounds Many recent efforts have been dedicated to the study regarding la-
tency in 5G communications. [TS15] discussed the technical challenge and possible
solution of point-to-multipoint mm-wave backhaul for 5G networks, and [FZM+17]
surveyed the main challenges and potential solutions for ultra-low latency 5G cel-
lular networks from the perspective of network architecture, protocols at the MAC
layer, and congestion control policy. In [YXG+16], an upper bound on the proba-
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Figure 1.20: Effective capacity C (−θ) vs. number of independent paths m for the
hybrid scheme with respect to θ = 2 and n = 12, where the number of independent
paths is m = 1, 2, 3, 4, 6 or 12.

bilistic delay was derived to assess the latency performance of point-to-point buffer-
aided systems with mm-wave.

However, it is rather challenging to achieve low-latency communications in 5G
mm-wave HetNets. The main difficulty stems from the adoption of buffers, since
the resulting problem is different from the conventional problems regarding latency
minimization. Specifically, in buffer-aided networks, the E2E delay is determined
by both link capacities and queuing delays in the buffer, and therefore it cannot
be simply formulated as a graph-based network optimization problem [Ber98], e.g.,
shortest path problem, max-flow problem or min-cost flow problem.

Motivation & Contributions To the best of our knowledge, the study regarding
the latency minimization problem of HetNets with buffers is rather limited, and this
open problem motivates our study mainly due to its great importance and particular
difficulty. Main contributions of our research are outlined as follows:

• We demonstrate the benefits of cooperative networking in mm-wave HetNets
with buffers, which is capable of significantly reducing the downlink trans-
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(a) Traffic allocation and networking procedure for the downlink transmission.

(b) Abstraction of traffic allocation and networking.

Figure 1.21: Illustration of traffic allocation and networking procedure.

mission latency.

• Proper traffic (re)allocation setups in cooperative networking are critical in
minimizing the E2E latency.
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Model, Methodology & Analysis Considering one MeNB, two SeNBs and
one UE for the mm-wave HetNet as an example, we show the strategy of traffic
allocation for cooperative networking in Fig. 1.21.

We denote by α and β the fractions of traffic allocated onto MeNB–SeNB 2 and
SeNB 1–SeNB 2 mm-wave backhauls, respectively (here SeNB 2 is taken as the
coordinator in Fig. 1.21), and denote by L units the size of file for the downlink
transmission from the MeNB to the UE. The traffic allocation is fulfilled via the
following two phases:

(i) At MeNB, αL and ᾱL units are pushed onto the mm-wave backhauls MeNB–
SeNB 2 and MeNB–SeNB 1, respectively.

(ii) At SeNB 1, the received ᾱL units are chopped into two parts, i.e., ᾱβL units
and ᾱβ̄L units, for the mm-wave backhaul SeNB 1–SeNB 2 and the mm-wave
access SeNB 1–UE, respectively.

Here, ᾱ , 1 − α and β̄ , 1 − β. SeNB 2 receives αL and ᾱβL units from both
MeNB and SeNB 1, and buffers them in the queue. The downlink transmission is not
completed until all units reach the UE. An abstraction of cooperative networking
is depicted in Fig. 1.21b, and the E2E latency is max1≤i≤3 wi, where w1, w2 and
w3 denote component delays on the three traversing paths.

The feasible sets of traffic allocations are denoted by A = {α : 0 ≤ α ≤ 1} and
B = {β : 0 ≤ β ≤ 1}, respectively. For i ∈ {1, 2}, we denote the channel capacity of
mm-wave backhaul between the MeNB and SeNB i by CM,Si , the channel capacity
of mm-wave access between SeNB i and the UE by CSi,U , and the channel capacity
of the mm-wave backhaul between two SeNBs by CS1,S2 . Clearly, optimizing α and
β is critical for minimizing the E2E latency. With respect to first-in first-out (FIFO)
queuing, the earlier arrival will be pushed onto mm-wave access SeNB 2–UE first,
and the later one may have to wait in the queue until the earlier comer completely
departs from the buffer. Taking into account the arriving order of different file
fractions, we then are able to formulate component delays w2 and w3. For instance,
we have

w2 ←
ᾱL

CM,S1

+ ᾱβL

CS1,S2

+ ᾱβL

CS2,U

and
w3 ← max

{
w2,

αL

CM,S2

}
+ αL

CS2,U
,

if SeNB 2 first receives the file fraction on the second path. Otherwise,

w3 ←
αL

CM,S2

+ αL

CS2,U

and
w2 ← max

{
w3,

ᾱL

CM,S1

+ ᾱβL

CS1,S2

}
+ ᾱβL

CS2,U
.
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Finally, to achieve τ∗1 ← min max {w1, w2, w3}, the MeNB traverses all feasible
(α, β) ∈ A×B to identify the optimal traffic allocation, i.e., (α∗1, β∗1), which enables
the minimal E2E latency when treating SeNB 2 as the coordinator.

The procedure above is depicted by the following Algorithm 1.

Algorithm 1: Optimal Allocation for Cooperative Networking
Input: CM,S1 , CM,S2 , CS1,S2 , CS1,U , CS2,U , A, B

1 τ∗ ←∞
2 foreach (α, β) ∈ A× B do
3 τ1 ← ᾱ

CM,S1
+ ᾱβ̄

CS1,U

4 if ᾱ
CM,S1

+ ᾱβ
CS1,S2

≤ α
CM,S2

then
5 τ2 ← ᾱ

CM,S1
+ ᾱβ

CS1,S2
+ ᾱβ

CS2,U

6 τ3 ← max
{
τ2,

α
CM,S2

}
+ α

CS2,U

7 else
8 τ3 ← α

CM,S2
+ α

CS2,U

9 τ2 ← max
{
τ3,

ᾱ
CM,S1

+ ᾱβ
CS1,S2

}
+ ᾱβ

CS2,U

10 end
11 τ ← max {τ1, τ2, τ3}
12 if τ ≤ τ∗ then
13 τ∗ ← τ
14 (α∗, β∗)← (α, β)
15 end
16 end

Output: (τ∗, α∗, β∗)

Performance Evaluation In performance evaluation, we demonstrate the per-
formance of cooperative networking for HetNets with mm-wave communications.
For simplicity, deterministic settings are assumed for assessment, i.e., CM,S1 =
12 Gbps, CM,S2 = 8 Gbps, CS1,S2 = 7 Gbps, CS1,U = 0.8 Gbps, and CS2,U =
2 Gbps, and the size of file for the downlink transmission is L = 2 Mb.

The E2E latency with respect to different traffic allocations (α, β) is shown
in Fig. 1.22, where SeNB 1 and SeNB 2 play as the coordinator in Fig. 1.22a and
Fig. 1.22b, respectively. The dark blue regions emerge inside the square [0, 1]× [0, 1]
consisting of all potential α and β, i.e., α ∈ A \ {0, 1} and β ∈ B \ {0, 1}. Thus,
exploiting the mm-wave backhaul between SeNBs (if applicable) is always advan-
tageous with proper traffic allocations, and the resulting E2E latency is signifi-
cantly lower than those without traffic allocations, i.e., strategies with α ∈ {0, 1}
or β ∈ {0, 1}. Comparing Fig. 1.22a and Fig. 1.22b, the minimum E2E latency is
0.396 ms when taking SeNB 1 the coordinator, while it is 0.426 ms when taking
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(a) SeNB 1 as the coordinator

(b) SeNB 2 as the coordinator

Figure 1.22: End-to-end latency with traffic allocation coefficient pairs (α, β): (a)
taking SeNB 1 as the coordinator; (b) taking SeNB 2 as the coordinator.
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SeNB 2 as the coordinator. Hence, it can be concluded that taking SeNB 1 as the
coordinator and performing proper traffic allocations at the MeNB and SeNB 2
enable the minimum latency for downlink transmission.

Concluding Remarks In this paper, we have considered one HetNet consisting
of one MeNB, two SeNBs and one UE, and have investigated the low-latency strat-
egy for the downlink transmission from the MeNB to the UE. Results have shown
that:

• Cooperative networking is a promising technique to reduce the E2E latency
in buffer-aided HetNets.

• It is critical to properly perform traffic (re)allocations with cooperative net-
working schemes.

J6: Traffic Allocation for Low-Latency Multi-Hop Millimeter-Wave
Networks with Buffers [YHX18]

In this paper, we have considered two traffic allocation schemes for multi-hop
mm-wave networks with buffers, and have investigated the E2E latency for de-
livering files. Besides, considering the Nakagami-m fading for mm-wave channel,
we have derived lower bounds on the average E2E latency for the mentioned two
traffic allocations.

Backgrounds Low latency in 5G mobile communications has attracted massive
attention for research in the past few years. The problem of minimizing the average
sum queue length under an HD constraint in a two-hop network was investigated
in [CLY15]. Several QoS routing problems, i.e., loss rate, average delay, and de-
lay distribution, were discussed in [LH08] for multi-hop networks. A cross-layer
framework was established in [CLSC16] via a tuple-based multidimensional con-
flict graph model, to study the distributed scheduling and delay-aware routing in
multi-hop multi-radio multi-channel networks. In [PPT17], a distributed flow allo-
cation scheme was proposed for random access wireless multi-hop networks with
multiple disjoint paths, with the objective of maximizing the average aggregate flow
throughput and ensuring a bounded packet delay.

In spite of many efforts dedicated to multi-hop networks with buffers, e.g.,
[LH08, AZLB16, BMP15, JZSS15], the works regarding traffic allocations for low-
latency communications with mm-wave are still rather few. In our research [YXP18],
the low-latency potential of traffic dispersion and network densification were investi-
gated via using network calculus and effective capacity. However, traffic allocations
for reducing the latency were not investigated in [YXP18], and the performance
gain via traffic allocation is not yet clear.
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Figure 1.23: Illustration of a multi-hop system, consisting of multiple relay nodes
and multiple channels in each hop.

Motivation & Contributions Traffic allocation plays a crucial role in reducing
the latency [CY13], since the traffic congestion at the relay nodes may lead to larger
queues. However, these graph-based approaches (refer to [Ber98] for example) do
not apply to the scenarios with buffers for optimizing the traffic allocation. In
addition, the potential of traffic allocation in the presence of buffers has not be
investigated previously. It is these two facts that motivate our research.

We aim to develop traffic allocation schemes that enable low-latency mm-wave
networks. Main contributions of our work are summarized as follows:

• We formulate two traffic allocation schemes, namely local allocation and
global allocation, and discuss their performance with respect to the result-
ing E2E latency.

• For multi-hop buffered networks with multiple channels in each hop, we ex-
ploit the recursive nature of the global allocation scheme, which substantially
simplifies the traffic allocation procedure. We also show the overall computa-
tional complexity for local and global allocations.

• We conduct the asymptotic analysis to explore the limiting capability for low
latency. For mm-wave channels with Nakagami-m fading incorporated, lower
bounds of the average E2E latency of two allocation schemes for a two-hop
linear network are derived.

Model, Methodology & Analysis A multi-hop network with multiple parallel
channels in each hop is considered, as shown in Fig. 1.23, where buffers that apply
the FIFO rule are employed at relay nodes. For simplifying illustration, for a (n+1)-
hop network, the destination and the source are labeled as node 0 and node n+ 1,
respectively, and all relays are labeled in orders from 1 to n. The hop between
node h and node h + 1 is denoted by hop h, for all h ∈ {0} ∪ [n]. Assuming mh

channels in hop h, we denote by Ch,k the capacity of the kth channel in hop h for
all k ∈ [mh].

The traffic allocation fulfilled at the source and relays is illustrated as follows:
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(i) The incoming traffic at one node is first partitioned into several smaller frac-
tions according to the given allocation scheme.

(ii) Those fractions are subsequently pushed onto the channels and delivered to
the next node, where each fraction can be partitioned again for further deliv-
ery.

We define αh , [αh,1, . . . , αh,mh ] ∈ Rmh+ the traffic allocation with respect to chan-
nels in hop h for all h ∈ {0} ∪ [n], subject to ‖αh‖1 ,

∑mh
i=1 αh,i = 1. The traffic

allocation αh depends on the capacities of outgoing channels, and the traffic alloca-
tion αh is performed at node h+1. Relays are FD but only equipped with one single
buffer, such that the data reception and transmission can be performed at the same
time and the received fractions depart from the buffer one by one. At each relay
node, one fraction is not served (chopped into smaller fractions and forwarded to
the next node) until it is completely received, and any fraction is infinitely divisible.

In this work, we consider two traffic allocation schemes, namely, local traffic
allocationMlocal and global traffic allocationMglobal, which are described as below:

• Mlocal: Node h for all h ∈ [n+ 1] only has the capacity information of the
channels in hop h−1. The traffic allocation performed at node h only optimizes
the transmission over channels in hop h − 1. This scheme ensures that the
latency in the local hop is minimized, but is oblivious to the traffic allocations
in other hops.

• Mglobal: Node h for all h ∈ [n+ 1] has the entire capacity information of all
channels from hop 0 to hop h− 1. The traffic allocation performed at node h
not only relies on channels in hop h − 1, but also relies on channels in the
remaining hops, i.e., from hop 0 to hop h − 1. This scheme minimizes the
latency through h hops.

We denote by τn the E2E latency of the tandem queuing system with n relays for
delivering one file of normalized size (without loss of generality), where the delivery
is completed only when all fractions are received at the destination. For networks
with buffers incorporated, it is worth noting that there is a common formulation
of E2E latency for two schemes, while distinct traffic allocation schemes result in
different latencies.

Based on mechanisms of Mlocal and Mglobal described above, we present the
results regarding the minimum E2E latency in the following Theorem 1.2.13 and
Theorem 1.2.14, respectively.

Theorem 1.2.13. For the tandem network in Fig. 1.23 with n relay nodes and mh

channels in the hth hop, the minimum E2E latency with Mlocal is

τ∗n =
n∑
h=0

(
mh∑
k=1

Ch,k

)−1

, (30)
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achieved by αh,k = Ch,k (
∑mh
k=1 Ch,k)−1.

Theorem 1.2.14. For the tandem network in Fig. 1.23 with n relay nodes and mh

channels in the hth hop, the minimum E2E latency with Mglobal is

τ∗n =

(
C−1
n,mn + τ∗n−1

)mn−1∏
k=1

Cn,k+1

(
C−1
n,k + τ∗n−1

)
1 +

mn∑
i=2

i−1∏
k=1

Cn,k+1

(
C−1
n,k + τ∗n−1

) , (31)

with initial condition τ∗0 , (
∑m0
i=1 C0,i)−1, achieved by

αh,k =



Ch,k

(
mh∑
k=1

Ch,k

)−1

, h = 0

k−1∏
i=1

Ch,i+1

(
C−1
h,i + τ∗h−1

)
1 +

mh∑
j=2

j−1∏
i=1

Ch,i+1

(
C−1
h,i + τ∗h−1

) , h ≥ 1.
(32)

It is worth mentioning thatMglobal outperformsMlocal at the expense of higher
computational complexity. Specifically, given n and m, we denote by flocal (m,n)
and flocal (m,n) the numbers of channels in total for conductingMlocal andMglobal,
respectively. We have

flocal (m,n) = m (n+ 1) and fglobal (m,n) = m (n+ 1) (n+ 2)
2 . (33)

Comparing Mglobal to Mglobal, we find

fglobal (m,n)
flocal (m,n) = n+ 2

2 ∈ O (n) , (34)

which grows with the number of relay nodes, linearly, indicating an n times higher
computational complexity.

Subsequently, we focus on the performance gain by adopting Mglobal relative
to Mlocal. For fairness and convenience, we assume mh = m and Ch,k = C for all
h ∈ {0} ∪ [n] and k ∈ [m]. Given n relay nodes and m channels per hop, we define
the performance gain by Mglobal relative to Mglobal as

ρ (n,m) , τ∗n|local

τ∗n|global
, (35)

where τ∗n|global and τ∗n|local are the minimum E2E latencies from Theorem 1.2.14
and Theorem 1.2.13, respectively.

A recursive method for computing the relative performance gain ρ (n,m) is given
in the following Theorem 1.2.15.
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Figure 1.24: Illustration of a two-hop network, where multiple channels are between
the source and the relay, and one channel between the relay to the destination.

Theorem 1.2.15. Given n relay nodes and m channels in each hop, the relative
performance gain ρ (n,m) is

ρ (n,m) = n+ 1
m

(u∗n)−1
, (36)

where u∗k for all k ∈ [n] is given as u∗k =
(

1−
(
1 + u∗k−1

)−m)−1
u∗k−1, with initial

condition u∗0 = m−1.

In Theorem 1.2.16, an asymptotic analysis on the relative performance gain is
conducted, i.e., infinite channels per hop. Specifically, with any given number of
relay nodes n, the asymptotic relative performance gain ρ̄ (n) is defined as

ρ̄ (n) , lim
m→∞

ρ (n,m) . (37)

Theorem 1.2.16. Given n relay nodes, the asymptotic performance gain ρ̄ (n) for
any n ≥ 0 is recursively given as

ρ̄ (n) = n+ 1
n

(
1− exp

(
− n

ρ̄ (n− 1)

))
ρ̄ (n− 1) , (38)

with initial condition ρ̄ (0) = 1.

In what follows, we investigate the latency performance of buffered networks
with mm-wave. For mm-wave channels with Nakagami-m fading, the normalized
capacity is given as C = log2 (1 + g · ξ), where ξ is the SNR and the random variable
g represents the channel power gain following the Gamma distribution, i.e., g ∼
Γ
(
M,M−1) with a positive Nakagami parameter M . For the sake of simplicity and

tractability, we here particularly consider a two-hop network as shown in Fig. 1.24.
Assuming that mm-wave channels Ci, i ∈ {0, 1, 2}, have the identical Nakagami
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parameter4 M , we have

E [Ci] =
∫ ∞

0
log2 (1 + xξi) f (x;M) dx

= MM

ξMi Γ (M) ln (2)
·G3,1

2,3

(
−M, 1−M
0,−M,−M

∣∣∣∣∣Mξi
)
, (39)

where Gm,np,q

(a1,a2,...,ap
b1,b2,...,bq

∣∣ z) denotes the Meijer G-function [Olv10] for 0 ≤ m ≤ q
and 0 ≤ n ≤ p, and parameters aj , bj and z ∈ C.

In terms of E [Ci] given above, lower bounds on the average minimum E2E
latency for Mlocal and Mglobal are given in the following Proposition 1.2.5 and
Proposition 1.2.6, respectively.

Proposition 1.2.5. A lower bound on the average minimum E2E latency for
Mlocal is

E [τ∗2 ] ≥ (E [C0])−1 + (E [C1 + C2])−1
. (40)

Proposition 1.2.6. A lower bound on the average minimum E2E latency for
Mglobal is

E [τ∗2 ] ≥ (E [C0])−1 + (E [C1 + C2] + ε0E [C1C2])−1
, (41)

where ε0 for M > 1 is defined as

ε0 , ln (2)
(

1
2 + ξ−1

0

(
1 + (M − 1)−1

))
. (42)

Performance Evaluation The minimum E2E latency τ∗ against the number
of relay nodes n is illustrated in Fig. 1.25. τ∗ can be significantly reduced when
increasing m for both Mlocal and Mglobal. Compared to Mlocal, the advantage of
Mglobal is growingly significant as n increases. We also find that the curve with
m = 5 for Mlocal coincides with the curve with m = 10 for Mglobal, at n = 6,
indicating that Mglobal with fewer channels is still competitive in outperforming
Mlocal with more channels, as long as there are sufficiently many relay nodes.

Given n relays, the minimum E2E latency τ∗ against the number of channels m
is shown in Fig. 1.26. For both Mlocal and Mglobal, the decaying rate of τ∗ slows
down when m becomes large, indicating that the merits of having multiple channels
vanish as the number of channels increases.

The relative performance gain ρ (n,m) with respect to the number of relay nodes
n is shown in Fig. 1.27.Mlocal is equivalent toMglobal form = 1, i.e., ρ (n, 1) = 1 for
all n, since only one single channel per hop exists. However, ρ (n,m) substantially
grows when increasing m or n.

4Normally, the randomness in mm-wave channels is relatively weak, such that the Nakagami
parameter M ≥ 3 as in [BH15,YZHL17].
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Figure 1.25: Minimum E2E latency τ∗ vs. number of relay nodes n, where the
number of channels per hop is m = 2, 5 or 10, the capacity of each channel is
C = 1, and the size of transmitted file is 1.

Then we investigate the average E2E latency of a linear two-hop mm-wave
network. We denote by r and L the (normalized) distances for source-relay and
source-destination, respectively. Applying the path loss model for LoS mm-wave
communications [RSM+13, XMH+17], the SNR ξi in Ci = log2 (1 + giξi) can be
written as

ξi =
{
γ (L− r)−α , i = 0
γr−α, i ∈ {1, 2} ,

(43)

where the Gamma-distributed random variables gi for i ∈ {0, 1, 2} are independent
and identically distributed with Nakagami parameter M . The average E2E latency
and the lower bounds for mm-wave networks are illustrated in Fig. 1.28. The lower
bounds given in Proposition 1.2.5 and Proposition 1.2.6 are tight. The minimum
τ∗ is achieved only if a proper r is used, thereby indicating the critical role of relay
deployment in minimizing the E2E latency. We also find that the values of r to
achieve the minimum τ∗ are different between Mlocal and Mglobal. Thus, different
relay deployments may be needed for different allocation schemes.
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Figure 1.26: Minimum E2E latency τ∗ vs. number of channels m, where the number
of relay nodes is n = 5 or 10, the capacity of each channel is C = 1, and the size of
transmitted file is 1.

Concluding Remarks In this paper, we have studied the E2E latency in multi-
hop networks, where local allocation and global allocation are considered. We have
presented the resulting E2E latency and computational complexity of different traf-
fic allocation schemes, and also have derived lower bounds for a two-hop mm-wave
network with Nakagami-m fading. Results have shown that:

• Compared toMlocal,Mglobal achieves a gain in latency reduction that grows
as the number of relay nodes n increases, but pays for n times higher compu-
tational complexity.

• More parallel channels enable a lower latency, while the benefit diminishes
as the number of channels increases. The asymptotic performance gain only
depends on the number of relays.

• A proper deployment of relay nodes, which may be different for distinct traffic
allocation schemes, plays a critical role in minimizing the E2E latency.
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Figure 1.27: Relative performance gain ρ (n,m) vs. number of relay nodes n, where
the number of channels per hop is m = 1, 2, 5, 10, 20, 50 or ∞.

1.3 Summary

Regarding throughput and latency in future mobile communications, this disserta-
tion aims to investigate the performance of mm-wave networks and to explore the
key principles potentially for network designs in practice. Several general but key
conclusions drawn from our research are summarized as below:

Throughput of mm-wave relay networks:

• Multiple relays associated with proper routing algorithms can effectively
combat severe throughput degradation resulted by random blockages.

• For relaying with mm-wave, FD outperforms HD only if both the beamwidth
and the self-interference coefficient are small.

• For scenarios with high sum-power budget or narrow beams, it is better
to adopt the direct transmission for higher throughput.

• First-order reflections may constructively or destructively contribute to
the throughput, and properly using reflections is viable for preserving
the link connectivity.
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Figure 1.28: Average E2E latency E [τ∗2 ] and the lower bounds, against source-relay
distance r, where (normalized) source-destination distance L = 200, transmit power
γ = 60 dB, path loss exponent α = 3, and Nakagami parameter M = 5.

Latency analysis via stochastic network calculus:

• The derived analytic bounds are asymptotically tight, indicating the
feasibility of keeping the track of probabilistic performance guarantees
for diverse mm-wave networks via stochastic network calculus.

• In the presence of sum-power budget, optimized power allocation and
small self-interference are critical. Also, the relay density should be prop-
erly designed if self-interference is not negligible.

• Traffic dispersion, network densification, and the hybrid scheme are ad-
vantageous with respect to high, lower and medium sum-power budgets,
respectively.

• Without self-interference, it is always beneficial to have more indepen-
dent paths or higher relay density, while the arrival rate and the sum-
power budget jointly decide the performance gain.

Traffic allocation for low-latency mm-wave systems:
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• Cooperative networking can be adopted for reducing the E2E latency in
buffer-aided HetNets, where proper traffic allocations are needed.

• For n-hop networks with multiple parallel channels per hop, global traffic
allocation achieves a gain in latency reduction that grows as n compared
to its local counterpart, but pays for n times higher complexity.

• When increasing parallel channels in each hop, the achieved benefit di-
minishes and converges to a gain that only relies on the number of relays.

• It is important to properly deploy relay nodes, and optimized relay de-
ployments are different for distinct traffic allocation schemes.
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Maximum Throughput Path Selection with
Random Blockage for Indoor 60 GHz Relay

Networks

Guang Yang, Jinfeng Du, and Ming Xiao

Abstract

Indoor communications in the 60 GHz band is capable to support multi-
gigabit wireless access thanks to the abundant spectrum and the possibility
of using dense antenna arrays. However, the high directivity and penetration
loss make it vulnerable to blockage events which can be frequent in indoor
environments. Given network topology information in sufficient precision, we
investigate the average throughput and outage probability when the connection
between any two nodes can be established either via the line-of-sight (LOS)
link, through a reflection link, or by a half-duplex relay node. We model the
reflection link as an LOS with extra power loss and derive the closed-form
expression for the relative reflection loss. For networks with a central coor-
dinator and multiple relays, we also propose a generic algorithm, maximum
throughput path selection (MTPS), to select the optimal path that maximizes
the throughput. The complexity of the MTPS algorithm is O(n2) for networks
equipped with n relays, whereas a brute-forced algorithm has complexity of
O(n ·n!). Numerical results show that increasing the number of relays can sig-
nificantly increase the average throughput and decrease the outage probability,
and resorting to reflection paths provides significant gains when the probability
of link blockage is high.

A Introduction

Wireless communications in the 60 GHz band can provide multi-gigabit short-
range wireless access in indoor environments, such as the Wireless Gigabit Alliance
(WiGig) technology [WiG10], thanks to the abundant spectrum and high power
gain antenna arrays. The high directional antennas and high penetration loss can
greatly reduce the power of interfering signals but at the same time make it vul-
nerable to blockage events. Connectivity and throughput can be seriously impaired
by blockage owing to the extremely weak capability of penetration and diffrac-
tion for 60 GHz radio waves [MC04,Smu09,MC06,GKZV09,WAN97], which is due
to the physical property of radios with very short wavelength. As such blockage
events may happen frequently due to object mobility (e.g., the movement of a hu-
man body), it is challenging to provide multi-gigabit throughput while reducing the
outage probability to a sufficiently low level.
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Numerous efforts devoted to 60 GHz communications focus on various ap-
proaches to tackle the problem of blockage. We only provide a small sample of pre-
vious contributions here and readers are kindly referred to [DH07,PR07,GQMT07]
for more comprehensive reviews on 60 GHz communications systems.

A large amount of experiments have been performed in [JPM+11,GT12,CZZ04,
JPK+13,MEP+10] to characterize the property of indoor blockage events and their
effect on signal strength by obstacle physical properties, such as size, shape, posi-
tion, placement and density. The link blockage caused by random human activities
has been analysed in [DLZ12] for typical indoor environments and in [SZM+09]
in the context of 60 GHz wireless personal area networks (WPANs). One way to
tackle the problem of link blockage and improve the robustness of indoor networks
is to deploy relays. A pyramid relaying system proposed in [LLNS04] shows superior
coverage and capacity under various human shadowing densities. Significant reduc-
tion of the path loss demonstrated in [GOON10] reveals the importance of relay
placement in improving the connectivity of 60 GHz indoor communications. The
outage performance of decode-and-forward (DF) and amplify-and-forward (AF) re-
laying in [LPCF12] is analyzed by taking co-channel interference into account. On
the other hand, the feasibility of data transmission via the first-order reflected ra-
dio waves has been verified in [GKZV09, GRON10] where no line-of-sight (LOS)
path exists and the path loss is high. Two beam switching strategies proposed
in [ASP+09] switch the beam path from LOS link to a non-line-of-sight (NLOS)
link to resolve the link blockage. It is further demonstrated in [SRH+14] that beam-
forming and beam combining techniques can be beneficial to significantly increase
the SNR for the NLOS transmissions. Since reflection comes with almost no ex-
tra cost, it is valuable to evaluate and quantify its benefit as a complementary
component of actively deployed relay nodes.

For multi-hop LOS transmissions, an optimal geographic routing protocol is
proposed in [CHS+09] and a link scheduling scheme for 60 GHz multi-channel
wireless mesh networks is investigated in [SZ09]. A routing algorithm is developed
in [LSW+09] to find the optimal relay path with the least interference to maximize
the throughput. With high directional antennas, a multi-hop LOS relaying protocol
proposed in [SZM+09] achieves high network utilization with low overhead despite
high link blockage probability in a 60 GHz indoor WPAN. The robustness of routing
schemes is discussed in [SLC11] and neighbor discovery protocols are proposed in
[Fan08] to improve the signal quality and maintain the connectivity. A randomized
exclusive region based scheduling scheme is proposed in [CCSM10] to explore the
potentials of spatial reuse, and the benefit of multi-hop concurrent transmissions
is investigated in [QCSM11] for networks with linearly deployed nodes and no link
blockage.

In this paper, we consider an indoor 60 GHz relay network where the connection
between any two user nodes can be established either via the LOS link, through
a reflection link, or by a half-duplex relay node. We focus on scenarios where the
network has a central coordinator and multiple half-duplex relay nodes deployed
as a fixed infrastructure. We assume all devices (including relays and user nodes)



A. Introduction 59

are equipped with directional antennas and their topology can be measured with
sufficient precision [PN02, HWGL09]. Given the topology information of distance
and direction, we investigate how such topology information can be used to improve
the system performance. Because the small-scale multipath effect in 60 GHz com-
munications is negligible [WAN97,GKZV09], the data rate supported by a specific
link is determined by the transmit power, antenna gains, pass loss exponent and
the transmission distance. By modeling the reflection link as an LOS transmission
with extra power loss, we can calculate the throughput of each of the three options,
namely, the LOS link, the reflection link, and the relay link. We investigate the
average throughput and the outage probability under two random blockage models
where the probability of blockage is identical for all links (topology independent)
or is proportional to the length of the link (topology dependent). We propose the
maximum throughput path selection (MTPS) algorithm with low complexity for
multi-relay scenarios to select the best path that consists of one or more hops to
maximize the throughput when the knowledge of blockage events is available.

To highlight our objective, we do not consider the combining of signals from dif-
ferent propagation paths. Although the extension of our analysis to scenarios with
multiple propagation paths can be straightforward via approaches such as beam
combining [SRH+14], the extension based on radio wave broadcast via a single
beam is highly non-trivial due to the high directivity of 60 GHz antenna arrays.
Besides, we do not take into account the interference from concurrent transmis-
sions when multiple relays are selected to assist transmission for the following two
reasons. Firstly, the communicating nodes (users and relays) in our network are
deployed inside a hall in contrast to the linear deployment in [CCSM10,QCSM11],
and therefore the probability that concurrent transmissions fall into the boresight
scenario at the same receiving node at the same time (hence causing severe inter-
ference) is very small given the high directivity of antenna arrays and the random
positions of the communicating nodes. Secondly, the effect of interference from
concurrent transmissions can be partially modeled by link blockage events since
severely degraded link quality can be treated as link blockage.

Our study differs from the existing results from the following aspects:

• The routing schemes in [CHS+09,SZ09,LSW+09,CCSM10,QCSM11] do not
consider the link blockage, while the main objective of our study is to develop
a routing algorithm for the network with link blockage;

• In [LLNS04,GOON10,LPCF12] the performance is studied for 60 GHz relay-
ing channels. Yet, they only consider fixed relaying networks with 2 hops and
do not optimize relaying paths. We focus on generic routing schemes includ-
ing hop selection and reflection utilization such that the throughput can be
maximized in multi-hop networks;

• Although the approaches on reflection signals in [DLZ12,SZM+09,GRON10,
ASP+09, SLC11, Fan08] are viable to maintain the link connectivity when
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the LOS channel is blocked, they are based on measured results. There is no
closed-form analysis on 60 GHz reflection signals yet;

• For the multi-hop concurrent transmission (MHCT) proposed in [CCSM10,
QCSM11], the application scenarios are limited to nodes deployed in one
line. In our framework nodes can be arbitrarily placed. Moreover, MHCT
in [CCSM10,QCSM11] does not consider the link blockage problem, whereas
our schemes are mainly proposed to address the problem of link blockage.

The rest of the paper is organized as follows. We present the system model in
Sec. B along with preliminaries on the reflection loss and relaying strategy. We
investigate the average throughput and outage probability based on two random
blockage models in Sec. C, and present the MTPS algorithm in Sec. D. Our models
and analysis are validated by numerical results in Sec. E and conclusions are given
in Sec. F.

B System Model and Adaptive Relaying Scheme

B.1 Link Model and Network Architecture
Given the transmit power Pt, the transmitter antenna gain Gt, and the receiver
antenna gain Gr, the power of the received signals can be determined as follows

Pr(l) = PtGtGr

(
λ

4π

)2(1
l

)n
, (1)

where λ is wavelength, l is the transmission distance, and n is the path loss exponent
which ranges from 2 to 6 from 60 GHz measurement in [GKZV09]. Note that (1) is a
modified version of the standard Friis free space transmission equation in which the
path loss exponent is n = 2. However, in practical situations the path loss exponent
n in the empirical and deterministic model (1) can be higher due to shadowing and
oxygen absorption. Given system bandwidth W and one-side power spectral density
of white Gaussian noise N0, the achievable1 rate is given by

R(l) = W log2(1 + αl−n), (2)

where α = PtGtGrλ
2

16π2N0W
represents the signal-to-noise ratio (SNR) measured at l = 1

meter distance. To simplify notations, we assume that all transmission links have
the same α, and extensions to general setups are straightforward.

We consider a 60 GHz wireless relay network where a pair of communication
nodes N1 and N2 are randomly placed within a circular space, as shown in Fig.
1.1, with the center C and radius R0. One or more half-duplex relay nodes are
deployed inside this area to assist transmission. Supposing N1 and N2 are uniformly

1Strictly speaking, the rate in (2) is actually the capacity, i.e., the theoretical upper bound on
data rate that may be achieved asymptotically.
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Figure 1.1: Randomly distributed nodes in a circular space, where the relay node is
placed at the center and two communicating user nodes N1 and N2 are randomly
located in the hall with radius R0.

distributed in the circular area, and their distances to the center C, denoted by
L1 and L2, respectively, are random variables with a probability density function
(p.d.f.)

fLi(li) = 2li
R2

0
, where 0 < li < R0 and i = 1, 2. (3)

The distance between N1 and N2, denoted as L, follows the p.d.f. [BDF63]:

fL(l) = 2l
R2

0

[
1− 2

π
arcsin( l

2R0
)− l

πR0

√
1− l2

4R2
0

]
, (4)

where 0 < l < 2R0.
The LOS link between any two nodes may be blocked by an obstacle (e.g., human

body) in indoor scenarios. We further assume that the reflection path between any
two nodes is always available [MEP+10], since such reflection may happen via the
floor, the ceiling, or walls2.

We further assume that the network has a central coordinator installed to take
care of the synchronization and management of the network information. It collects
and updates necessary information, manages the path selection process, and co-
ordinates the communications according to an optimized scheduling. Such central
coordinator can be realized, for example, in the form of a piconet coordinator for
the high rate WPAN, or by the access point that connects the indoor network with
other networks. We will discuss the operation of the central coordinator, its status
update process, and the associated overhead in Sec. D.

2Given a single beam at the transmitter and the receiver, there is only one feasible reflection
path due to the high directivity of 60 GHz antenna arrays.
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Figure 1.2: The LOS path between a transmitter N1 at (x1, y1) and a receiver N2
at (x2, y2), and a reflection path via the surface on the x-axis. N ′1 at (x1,−y1) is a
mirror node of N1 w.r.t. the reflection surface, θ is the incident angle, l and l′ are
the distances of the LOS link and reflection, respectively.

B.2 Relative Reflection Loss

In indoor scenarios, signals from the reflection path suffer from extra path loss
compared to LOS signals due to the extended transmission distance and the power
loss on the surface of reflective materials. The attenuation from reflection depends
on the material thickness, permittivity, and the incident angle [DHHV08]. The
power of the first-order reflected wave is (in total) about 15 dB lower than that
of the LOS wave [GKZV09, GRON10]. Despite of the power loss, wave reflection
from the ceiling has been proven to be a viable way of preserving connectivity and
avoiding blockage [MEP+10].

Definition B.1 (Relative Reflection Loss). The relative reflection loss χ is defined
as the extra power attenuation experienced by the reflection path compared to
the LOS path. That is, denoting PLOS and Preflection (LLOS and Lreflection) as the
received power in decibel (path loss in dB) for the LOS link and reflection link,
respectively, we have

χ = PLOS − Preflection = Lreflection−LLOS [dB].

Proposition B.1. Let l and l
′ be the length of LOS path N1→N2 and reflection

path N ′1→N2, respectively, as shown in Fig. 1.2, the relative reflection loss is given
by

χ(l, l
′
, θ) = 10n log l

′

l
− 20 log |η(θ)| [dB], (5)
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Table 1.1: The relative reflection loss: χ obtained from (5) versus χ∗ calculated
based on the measurement data in [GRON10].

Reflection
(
l, l
′
, θ
)

χ∗(dB) χ(dB)

ceiling
(
2, 2
√

5, arctan
( 1

2
))

15.29 15.24
outer wall

(
2, 2
√

10, arctan
( 1

3
))

17.08 17.77
inner wall

(
2, 2
√

10, arctan
( 1

3
))

21.63 22.52
ground

(
2, 2
√

2, π4
)

31.62 31.83

where n is the path loss exponent, and θ denotes the incident angle, and η (θ) is the
reflection coefficient given by [Azz86]

η (θ) = −ω cos θ +
√
ω − sin2 θ

ω cos θ +
√
ω − sin2 θ

, (6)

where ω is dielectric constant determined by the inherent physical property of re-
flective material.

Proof. See Appendix G.1 for the proof.

To validate our model for the relative reflection loss, we present in Table 1.1
the theoretical values of χ given by (5) and the measurement data χ∗ based on
the experimental results from [GRON10], where the transmitter and the receiver
are placed at the same horizontal plane (1 meter above the ground) in a 3-meter
high empty room. The theoretical results match the measurement results to a good
precision, which enables us to estimate the data rate via reflection paths based on
the topology information. For the special case where the transmitter and the receiver
have the same fixed distance to the reflection plane, χ

(
l, l
′
, θ
)

in (5) degenerates
to χ (l) and the rate of the reflection path can be written as

Rrefl(l) = W log2

(
1 + α

χ (l) l
−n
)
. (7)

B.3 Optimized Time Splitting of Half-duplex Relaying
Definition B.2 (Optimized Time Splitting). Given a time slot, the optimized time
splitting provides the time allocation between reception and transmission phases for
the half-duplex DF relaying that maximizes the throughput.

Denoting β ∈ (0, 1) the normalized time splitting parameter for relaying, the
maximum throughput of a two-hop relay path is therefore

Rrelay (l1, l2) = max
β∈(0,1)

min {βR (l1) , (1−β)R (l2)} , (8)
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where l1 and l2 are the length of two hops respectively.

Proposition B.2. Let non-negative R1=R(l1) and R2=R(l2) represent the rates in
two hops with transmission distance l1 and l2, respectively, the maximum throughput
of the two-hop relaying is given by

Rrelay(l1, l2) = ρ (R1, R2),
{

0, if R1R2=0,
R1R2
R1+R2

, otherwise.
(9)

Proof. (8) is maximized when βR1 = (1−β)R2, i.e., when β = R2/ (R1 +R2),
which leads to (9).

B.4 Relay-prioritized Region and Critical Distance

Definition B.3 (Relay-prioritized Region). Relay-prioritized region is the region
(of the circular space) in which relaying can provide higher transmission rate than
the LOS path.

With half-duplex relaying, denoting l, l1, l2 the length of the LOS path and the
two relaying paths, respectively, the relay-prioritized region exists if and only if

ρ (R (l1) , R (l2)) > R (l) , (10)

for some l1, l2 > 0 and l1 + l2 ≥ l. Note that the relay-prioritized region may not
exist if the distance between the transmitter and the receiver is too close. To study
the existence of the region, we have following definition.

Definition B.4 (Critical Distance). Critical distance is the minimum distance
between a pair of nodes for the existence of the relay-prioritized region.

Proposition B.3. Given α and the path loss exponent n, the relay-prioritized
region exists if and only if

l ≥ l∗ , n

√
α

2n − 2 , (11)

where l is the communication distance and l∗ is the critical distance.

Proof. Since R(l) defined by (2) is a monotonically decreasing function of l, the
left-hand side of (10) is maximized when l1 = l2 = l/2. Substituting this into (10)
and combining it with (2), we obtain the critical distance shown in (11).

The critical distance l∗ decreases as n increases. As the path loss gets severer,
it is more likely that a random deployed relay nodes can improve the throughput.
Hence we can benefit more from utilizing relays in high path loss environments,
compared to those with smaller n.
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C Average Throughput and Outage Probability

In contrast to the broadcasting wave propagation in lower frequency radios with
omnidirectional antennas, the high directivity of 60 GHz antenna arrays changes the
wave propagation characteristic significantly. In the boresight scenario, the received
signal strength can be several order of magnitude higher than that of off-boresight
scenarios. As a consequence, the communication between two nodes in an indoor
environment as considered in Fig. 1.2 can only be established either via the LOS link
of length l, the reflection path (e.g., via the ceiling) of length l′, or via a half-duplex
DF relaying node.

To quantify the benefits of using relaying and/or reflection, we investigate the
average throughput and outage performance for the following four scenarios:

• Case I (LOS): only LOS link is available;

• Case II (LOS, Relay): both LOS and relay paths are available;

• Case III (LOS, Reflection): both LOS and reflection paths are available;

• Case IV (LOS, Relay, Reflection): LOS, relay, and reflection are available.

We start the analysis with a single relay, and then extend the results to multiple-
relay scenarios.

C.1 Random Blockage Models
When a transmission path is blocked, the strength of the received signal will be
severely degraded. For simplicity we assume that the transmission rate drops to
zero once the link is blocked, and we call such an event the link blockage. The
probability of blockage for a specific link depends on many aspects, such as the
area of indoor space, the beamwidth of antenna array, the size/shape of obstacles,
and the link length. To model the link blockage events, we assume that there are
N obstacles that behave independently and randomly. Each obstacle can block a
link with probability p. That is, on average there are totally Np obstacles blocking
some links. Here we consider two random blockage models, topology-independent
and topology-dependent, that are described as follows. Given M links, labeled by
k = 1, . . . ,M , if a link blockage event has occurred, the probability that link k is
blocked in the topology-independent model is given by

τk , Pr(link k blocked | a link blockage) = 1
M
, (12)

and in the topology-dependent model, we instead have

τk = lk
ls
, where ls ,

M∑
k=1

lk, (13)
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and lk is the length of link k. This is, in the topology-dependent model an active
obstacle may block any link with probability proportional to the length of the link,
which is motivated by the fact that the longer links are more likely to be blocked.

Therefore, the probability that link k is blocked is given by

pk = τk Pr(a link blockage occurs) = τkp, (14)

where p =
∑
k pk is the link blockage probability (or blockage probability in short).

Note that each active obstacle cannot cause more than one link blockage at a
time, unless it rightly stands in the area of the intersection of multiple links, where
the area of intersected links depends on the beam-width. Here, the case of a single
obstacle blocking multiple links is not considered in our model, since the probability
of such events, which can be approximated by the ratio of the intersected area to
the whole area of consideration, is much smaller than the probability given by
(14), especially for the scenarios with narrow beamwidth. Yet, we will consider the
scenario in which multiple obstacles may obstruct the same link simultaneously.

Supposing the nodes are randomly placed within a circular hall, as illustrated in
Fig. 1.1, we first analyze the blockage probability (14) of each possible link based on
the associated distance vector L. The performance in terms of average throughput
and outage probability are then evaluated by taking average over all possible L. If
no relay is deployed, the distance vector L = {l} contains only one element l whose
distribution is given by (4). For the cases with one relay, we have L = {l, l1, l2},
where l1 and l2 follow the marginal distribution given by (3). Note that l, l1 and l2
are not independent.

C.2 Average Throughput with Random Blockage
For the single relay scenario with distance vector L = {l, l1, l2}, we denote A1 as
the number of obstacles in the LOS link (length l) and A2 the number of obstacles
in the relaying path (consisting of two links with length l1 and l2). To simplify the
notation, we denote B1 the event that the LOS link is blocked and B2 the event that
the relaying path is blocked. Thus, Ai = 0 implies that the corresponding path is
available (indicated by B̄i); otherwise it is blocked (indicated by Bi). Since the relay
path consists of two hops and obstacles on either hop will block the relying path,
the blockage event B2 for the relay path can be decomposed into two sub-events
B2 = B

(1)
2 ∪B(2)

2 .

Case I (LOS)

Since L = {l}, we have τ0 = 1. Thus p0 = p. The probability of no blockage is

Pr
(
B̄1
)

= Pr (A1 = 0) = (1− p)N . (15)

Therefore we obtain the average throughput:

R̄I(p) = E [R(l)] · Pr
(
B̄1
)

= (1− p)NE [R(l)] , (16)
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where E [R(l)] denotes the expectation over l.

Case II (LOS, Relay)

Since L = {l, l1, l2}, we have pk = τkp, k = 0, 1, 2. Only if both LOS and relay
path are blocked, the connection between the transmitter and the receiver is lost.
Based on path availability, the throughput can be analyzed for four circumstances
as follows:

(1) If both LOS and relay path are available, we have

Pr
(
E1
∣∣L) , Pr

(
B̄1 ∩ B̄2

)
= (1− p)N . (17)

Since the transmitter-receiver pair can choose either path for communication,
the maximum throughput is obtained as R(1)

max = max{R(l), ρ (R(l1), R(l2))}.
(2) If the only relaying path is not blocked, we have

Pr
(
E2
∣∣L) ,Pr

(
B1 ∩ B̄2

)
=

N∑
n=1

Pr
( 2∑
i=1

Ai = n

)
· Pr

(
A2 = 0

∣∣∣ 2∑
i=1

Ai = n

)

=
N∑
n=1

(
N

n

)
pn0 (1− p)N−n = [1− (1− τ0)p]N − (1− p)N ,

(18)

and the corresponding rate is R(2)
max = ρ (R(l1), R(l2)).

(3) If only LOS is not block, the probability is

Pr
(
E3
∣∣L) ,Pr

(
B̄1 ∩B2

)
=

N∑
n=1

Pr
( 2∑
i=1

Ai = n

)
· Pr

(
A1 = 0

∣∣∣ 2∑
i=1

Ai = n

)

=
N∑
n=1

(
N

n

)
(p1 + p2)n (1− p)N−n = (1− τ0p)N − (1− p)N ,

(19)

and the corresponding rate is R(3)
max = R(l).

(4) If both LOS and relay paths are blocked, we have R
(4)
max = 0 with the

probability

Pr
(
E4
∣∣L) ,Pr (B1 ∩B2)

=1− Pr
(
B̄1 ∩ B̄2

)
− Pr

(
B1 ∩ B̄2

)
− Pr

(
B̄1 ∩B2

)
.

(20)

Thus, the throughput of Case II (LOS, Relay) for a given distance vector L is

E
[
RII(p)

∣∣L] =
4∑
i=1

R(i)
max Pr

(
Ei
∣∣L) , (21)
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and the average throughput is obtained by averaging over all the possible realiza-
tions of L = {l, l1, l2}, i.e.,

R̄II(p) =
∫∫∫

(l,l1,l2)

E
[
RII(p)

∣∣L] fL (l, l1, l2) dldl1dl2, (22)

where fL (l, l1, l2) is the joint probability distribution function.

Case III (LOS, Reflection)

Due to the extra power loss by reflection, the reflection path will not be used unless
the LOS is blocked. Thus the average throughput is

R̄III(p) = E [R(l)] Pr
(
B̄1
)

+ E [Rrefl(l)] Pr (B1)
=(1− p)NE [R(l)] +

[
1− (1− p)N

]
E [Rrelf(l)] ,

(23)

which indicates that, when R̄I(p) approaches zero, there is still extra E [Rrelf(l)]
provided by transmission via reflection.

Case IV (LOS, Relay, Reflection)

The analysis is similar to in Case II (LOS, Relay), except that reflection is now
taken into account. We can enumerate all the random blockage events and their
corresponding throughput, and the results (P{Ei

∣∣L}, R(i)
max) for i ∈ {1, 2, . . . , 8} are

summarized as below:

• Blockage Event
{
E1
∣∣L} , B̄1 ∩ B̄(1)

2 ∩ B̄2
(2):

R
(1)
max = max {R(l), ρ (R(l1), R(l2))}

Pr
(
E1
∣∣L) = (1− p)N

• Blockage Event
{
E2
∣∣L} , B̄1 ∩B(1)

2 ∩ B̄(2)
2 :

R
(2)
max = max {R(l), ρ (Rrefl(l1), R(l2))}

Pr
(
E2
∣∣L) = (1− (1− τ1)p)N − (1− p)N

• Blockage Event
{
E3
∣∣L} , B̄1 ∩ B̄(1)

2 ∩B(2)
2 :

R
(3)
max = max {R(l), ρ (R(l1), Rrefl(l2))}

Pr
(
E3
∣∣L) = (1− (1− τ2)p)N − (1− p)N

• Blockage Event
{
E4
∣∣L} , B̄1 ∩B(1)

2 ∩B(2)
2 :

R
(4)
max = max {R(l), ρ (Rrefl(l1), Rrefl(l2))}
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Pr
(
E4
∣∣L) = (1− τ0p)N+(1−p)N−

[
(1− (1− τ1)p)N + (1− (1− τ2)p)N

]
• Blockage Event

{
E5
∣∣L} , B1 ∩ B̄(1)

2 ∩ B̄(2)
2 :

R
(5)
max = max {Rrefl(l), ρ (R(l1), R(l2))}

Pr
(
E5
∣∣L) = (1− (1− τ0)p)N − (1− p)N

• Blockage Event
{
E6
∣∣L} , B1 ∩ B̄(1)

2 ∩B(2)
2 :

R
(6)
max = max {Rrefl(l), ρ (R(l1), Rrefl(l2))}

Pr
(
E6
∣∣L) = (1− τ1p)N+(1−p)N−

[
(1− (1− τ0)p)N + (1− (1− τ2)p)N

]
• Blockage Event

{
E7
∣∣L} , B1 ∩B(1)

2 ∩ B̄(2)
2 :

R
(7)
max = max {Rrefl(l), ρ (Rrefl(l1), R(l2))}

Pr
(
E7
∣∣L) = (1− τ2p)N+(1−p)N−

[
(1− (1− τ0)p)N + (1− (1− τ1)p)N

]
• Blockage Event

{
E8
∣∣L} , B1 ∩B(1)

2 ∩B(2)
2 :

R
(8)
max = max {Rrefl(l), ρ (Rrefl(l1), Rrefl(l2))}

Pr
(
E8
∣∣L) = 1 + (1− p)N −

∑2
i=0

[
(1− τip)N + (1− (1− τi)p)N

]
Hence, the average throughput is

R̄IV(p) =
∫∫∫

(l,l1,l2)

E
[
RIV(p)

∣∣L] fL (l, l1, l2) dldl1dl2, (24)

where E
[
RIV(p)

∣∣L] is given by

E
[
RIV(p)

∣∣L] =
8∑
i=1

R(i)
max Pr

(
Ei
∣∣L) . (25)

The extension to the multiple-relay scenario is straightforward and similar to the
single-relay case.

C.3 Outage Probability with Random Blockage
Given a threshold rate Rε, we say an outage event happens if the rate R is lower
than Rε. Thus the outage probability is

Pr
out

(Rε) = Pr (R < Rε) . (26)
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Take Case II (LOS, Relay) for example. Given blockage probability p, the outage
probability Pr (RII(p) < Rε) is a function of p that can be written as∫∫∫

(l,l1,l2)

Pr
(
RII(p) < Rε

∣∣L) fL (l, l1, l2) dldl1dl2, (27)

where Pr
(
RII < Rε

∣∣L) is the outage probability for given L and averaged over all
the four different scenarios, i.e.,

Pr
(
RII(p) < Rε

∣∣L) =
4∑
i=1

Pr
(
R(i)

max < Rε

)
· Pr

(
Ei
∣∣L) , (28)

where Pr (Ei | L) is the probability of the corresponding event Ei given L, and it
is different for the topology-independent or topology-dependent models.

To gain more insights of the outage performance, we set the threshold Rε to
a sufficiently low value such that the transmission rates of LOS or by the relay
path are still above the threshold even if the terminals are the farthest apart. Thus,
Pr
(
R

(i)
max < Rε

)
= 0, for i = 1, 2, 3, and Pr (RII(p) < Rε | L) = Pr (E4 | L). The

outage probability is

(1 relay)
Pr
out

(p) =
∫∫∫

(l,l1,l2)

Pr (E4 | L) · fL (l, l1, l2) dldl1dl2

= 1−
∫∫∫

(l,l1,l2)

[
(1− τ0p)N + (1− (1− τ0)p)N

]
· fL (l, l1, l2) dldl1dl2 + (1− p)N ,

(29)

where τ0 is described in (13) and (12).
Particularly, for the topology-independent random blockage model, the outage

probability in (29) is given by:

(1 relay)
Pr
out

(p) = gNp,3(1) + gNp,3(2)− gNp,3(3), (30)

where the function gNp,M (k) is defined as

gNp,M (k) = 1−
(

1− k p
M

)N
. (31)

As the number of relays increases to 2, there are totally M =
(2+2

2
)

= 6 links
in the relay network. The outage probability with given blockage probability p and
obstacle number N is

(2 relays)
Pr
out

(p) =gNp,6(1) + 2gNp,6(2)− 7gNp,6(4) + 7gNp,6(5)− 2gNp,6(6), (32)
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and the derivation of (32) is in Appendix G.2.
In the region with low blockage probability (for example, p ≤ 0.1), by using the

binomial theorem over (31) and omitting the higher order terms, we can approxi-
mate (30) and (32) by, respectively,

(1 relay)
Pr
out

(p) ≈ 4
(
N

2

)(p
3

)2
, (33)

and
(2 relay)

Pr
out

(p) ≈ 12
(
N

3

)(p
6

)3
. (34)

Similarly, given m = 3 or m = 4 relays as well as N obstacles, we can also derive the
approximation of outage probability by following the method shown in Appendix
G.2. With a similar approach in m = 1, 2, 3 and 4, Pr(m−relays)

out (p) for small p and
general m in the topology-independent model can be expressed as

(m relay)
Pr
out

(p) ≈ 2(m+ 1)!
(

N

m+ 1

)(
p(

m+2
2
))m+1

. (35)

However, the analysis becomes much more involved if the reflection is also ex-
ploited, and we will resort to the numerical evaluations for such situations.

D Maximum Throughput Path Selection

In this section we will develop an algorithm termed as maximum throughput path
selection (MTPS) to find the path that maximizes the throughput for each source-
destination pair. We denote the topology of the network by a graph G = (N ,A),
where N is the set of all nodes in the network and A is the set of undirected
connections between any pair of nodes. let Nr = {1, 2, . . . , |Nr|} be the set of relay
nodes and let Nu be the set of user nodes, we have N = Nr ∪Nu.

As discussed in Sec. B.1, a central coordinator is installed to manage and sched-
ule the communications. It collects and updates user nodes’ location information,
monitors the status of blockage for user-relay links and relay-relay links, determines
and executes path selections based on communications request, and coordinates
concurrent communication tasks within the network. Since some parameters, such
as the dimension of the indoor space, dielectric constants ω of the reflection mate-
rials (walls, ceiling, floor), the position of deployed relaying nodes, and the antenna
gains Gt and Gr, can be obtained at the installment and updated when necessary,
we will assume that they are known at no extra cost. The path loss exponent n, the
transmit power budget Pt at each individual node, and the background noise N0
are long-term parameters and therefore can be updated with negligible overhead.

However, short-term parameters such as user nodes’ current positions, the avail-
ability of the LOS links for user-relay and relay-relay paths, and the status of direct
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communications between any two nodes have to be updated at the central coor-
dinator periodically to enable the proposed scheme. To ensure that the control
signaling between the central coordinator and all other nodes can be delivered suc-
cessfully, we assume that the central coordinator works in the omni- or quasi-omni
mode and the control signaling channels are orthogonal to data transmission chan-
nels. Such orthogonal control channels can be established by dedicated time slots
or system bandwidth. For instance, a time-division-duplex (TDD) based control
plane is adopted in the WiGig specifications [WiG10]. The allocation of dedicated
control channels can be justified as follows. When the load of the system is not
high, there are sufficient resources for both data transmission and control signaling;
when the load is high, it is crucial to have orthogonal control signaling to minimize
the possibility of collision, which could otherwise cause severe system performance
degradation. The associated overhead will be analyzed in Sec. D.3.

The proposed path selection can be done in three steps:

1. The coordinator monitors the network and updates a modified adjacency
matrix following Algorithm 2;

2. Upon the request from a source-destination pair, the coordinator selects the
path according to Algorithm 3;

3. The coordinator sends the communication schedule to the source-destination
pair and the selected relay nodes.

Note that although our Algorithms 2 and 3 only focus on a single source-destination
pair, multiple source-destination pairs can be scheduled concurrently by using or-
thogonal channels (e.g., in different time/frequency/beam). We will not elaborate
on this as it is not the focus of this work.

D.1 Algorithm Description
The modified adjacency matrix D = [duv] indicates the effective distance between
all pairs of nodes by taking into account link blockage and reflection. We first use
a distance matrix D̃ to denote the physical distance between any pair of nodes.
That is, the entry d̃uv of D̃ means the distance between the nodes u and v. Based
on the status of the link, the adjacency matrix D = [duv] is updated by taking
duv = d̃uv · buv, where buv = 1 means the existence of the LOS link, and buv = ∞
for the scenario with link blockage but no reflection, and buv = n

√
χ(duv) for the

scenario where the reflection path is available in the event of link blockage. The
link status matrix B = [buv] is determined and updated based on the feedback from
the relay and user nodes. The process of calculating the effective distance is shown
in Algorithm 2.

Note that although the size of the modified adjacency matrix D is |N | × |N |,
which can be large when there are many user nodes, only a few elements need to
be updated regularly. First of all, D is symmetric, with a small sub-matrix of size
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|Nr| × |Nr| that is crucial for all kinds of communication requests. Secondly, for
each new user node added into the system, we only need to add a new vector of
length |Nr| to monitor the links between the new user node and all the relay nodes.
Last but not the least, the links among all user nodes are only updated based on
their updated position information and the corresponding link status parameters
buv are not updated unless {u, v} form a source-destination pair.

Algorithm 2: Weighted Distance Calculation
Data: system location parameters, ω, and n
Input: distance matrix D̂ =

[
d̂uv
]

1 if the reflection participates then
2 ReflectionOption← True;
3 else
4 ReflectionOption← False;
5 end
6 foreach (u, v) ∈ A do
7 if (u, v) is blocked then
8 if ReflectionOption = True then
9 buv ← n

√
χ(duv);

10 else
11 buv ←∞;
12 end
13 else
14 buv ← 1;
15 end
16 end
17 Hadamard product: D← D̃ ◦B;

Output: modified adjacency matrix D = [duv]

With the updated modified adjacency matrix D, we find a path with the max-
imum throughput based on the MTPS procedure presented in Algorithm 3. We
focus on a single source-destination pair {s, t} and take N = Nr ∪ {s, t} to sim-
plify the notation in the algorithm. In the algorithm, the sorted set U is used
to denote the set of unselected relays, which is initialized by Nr, and the entry
U (i), (i ∈ {1, 2, . . . , |U|}), represents the ith entry of U . We use an indicator matrix
F = [fij ] to indicate that whether the rate of a link can be improved by using a
relaying node. We use P to denote the current optimal path. The main steps of
Algorithm 3 can be outlined as follows:

1) Initialize P = {(s, t)}, U = Nr, and D = 0;

2) For each hop i → j of the current path P, if it is not locked (fij = 0) and
at least one relay from U is in the relay-prioritized region, we find the relay
node r ∈ U with the highest throughput, and remove it from U , and split the
original hop i→ j two new hops i→ r and r → j.
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3) Update the current optimal path;

4) If the updated path remains the same as the previous one, output the current
path and exit; otherwise, go back to 2).

D.2 Maximum Throughput Calculation
Assuming that there are L hops for a path with half-duplex relays, and the rate
over the i-th hop is denoted by Ri, where i ∈ {1, 2, . . . , L}, then the throughput of
the L-hop relay path is given by Proposition D.1.

Proposition D.1. For an L-hop channel, let Ri be the capacity of each individ-
ual channel i, i = 1, 2, . . . , L, the maximum achievable rate R∗ over the cascaded
channel under the half-duplex constraint is given by:

R∗ = min
{

R1R2

R1 +R2
,
R2R3

R2 +R3
, · · · , RL−1RL

RL−1 +RL

}
. (36)

Proof. For an L-hop network consisting of L − 1 half-duplex relaying nodes, we
assume each relaying node k, k ∈ {1, 2, . . . , L−1}, connecting the kth and (k+ 1)th

hop, has a transmitting state, a receiving state and a silent state with corresponding
durations ξtk, ξrk and ξsk, respectively. We have a duration constraint as follows:

ξtk + ξrk + ξsk = 1, k ∈ {1, 2, . . . , L− 1}. (37)

Clearly, the end-to-end throughput is the maximum achievable flow through all
intermediate nodes. We assume that a packet of size R goes through each node
within a unit duration. At relaying node k, the durations of receiving and trans-
mitting states are respectively given by:

ξrk = R

Rk
, ξtk = R

Rk+1
, (38)

where Rk−1 and Rk are the channel capacities of kth and (k+1)th hop, respectively.
Combining with the constraint in (37), we have the silence duration as the function
of R:

ξsk (R) = 1− Rk +Rk+1

RkRk+1
R = 1− skR. (39)

Thus, for all k ∈ {1, 2, . . . , L − 1}, we can obtain a cluster of linear functions
ξsk (R). We find that ξsk (R) decays by increasing R with the slope −sk. In addition,
by considering the fact that for each relaying node k, we always have ξsk (R) ≥ 0,
the problem can be reformulated as:

R∗ = max
ξsk(R)≥0

k∈{1,2,...,L−1}

R = min
k∈{1,2,...,L−1}

1
sk

= min
k∈{1,2,...,L−1}

RkRk+1

Rk +Rk+1
. (40)
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Algorithm 3: Maximum Throughput Path Selection
Data:

• effective distance D = [duv];
• aggregated parameter α and path loss exponent n;

Input:
• initial path set P = {(s, t)};
• unselected relays set U = Nr;

1 Initialize the link-lock matrix F = [fuv] = 0|Nr|×|Nr|;
2 Calculate critical distance l∗ ← n

√
α

2n−2 ;
3 Set termination condition TerminateFlag← False;
4 while TerminateFlag = False do
5 P

′
← ∅;

6 foreach (i, j) ∈ P do
7 SubstituteFlag← False;
8 P∗ ← {( i, j)};
9 if dij ≥ l∗ and fij = 0 then

10 Rmax ← R(dij);
11 for k ← 1 to |U| do
12 r ← U (k);
13 R∗max ← ρ(R(dir), R(drj));
14 if R∗max ≥ Rmax then
15 Rmax ← R∗max;
16 P∗ ← {(i, r), (r, j)};
17 r∗ ← r;
18 SubstituteFlag← True;
19 end
20 end
21 if SubstituteFlag = True then
22 U ← U − {r∗};
23 else
24 fij ← 1;
25 end
26 else
27 fij ← 1;
28 end
29 P

′
← P

′
∪ P∗;

30 end
31 if P

′ = P then
32 Popt ← P;
33 TerminateFlag← True;
34 else
35 P ← P

′ ;
36 end
37 end

Output: the optimal path set Popt
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Therefore, within a time slot, a packet with the size at most R∗ can be trans-
mitted from the source to the sink. This concludes the maximum achievable rate
shown in (36).

Note that the maximum throughput provided by Proposition D.1 holds only if
the amount of transmitted data goes to infinity. As a simple example, we assume
there is one optimal routing path P between the source and destination, consisting
of L hops with the maximum transmission rate R in each hop. By following (36),
we obtain the theoretically maximum throughput R∗ = R/2. Now we assume K
packets, each size of Rp, are to be transmitted. Thus the effective rate over the path
is given by:

Reff = KRp
Rp
R L+ Rp

R (2K − 1)
= KR

2K + L− 1 ≤ R
∗. (41)

It is clear that for finite K, the effective rate is strictly smaller than the theoret-
ical optimal results given by Proposition D.1. Yet for a large K, Reff shall approach
R∗. Hence, here we assume K is large enough such that

L− 1
K

→ 0 =⇒ Reff → R∗. (42)

D.3 Complexity Analysis
The computational complexity of the MTPS algorithm consists of two parts: cal-
culating the throughput of paths and comparing the throughput. From (40), the
complexity of the throughput calculation can be measured by the number of the
min (·, ·) operation, which outputs the smaller value of two arguments. It is evident
that if we want to find the minimum of q inputs, the min (·, ·) operator will be
recursively applied q − 1 times. For comparing the throughput, the complexity for
finding the optimal path is evaluated by the number of the max (·, ·) operation,
which outputs the larger input.

For the brute-force algorithm with exhaustive search, given n relays, there are
k!
(
n
k

)
distinct paths of k + 1, (k = 0, 1, . . . , n) hops connecting the transmitter

and the receiver. To calculate the throughput of an i-hop path, i − 1 min (·, ·)
operations are needed. Thus the complexity is given by

∑n
k=0 k · k!

(
n
k

)
. To find the

paths with the maximum throughput,
∑n
k=0 k!

(
n
k

)
comparisons are needed since

there are
∑n
k=0 k!

(
n
k

)
different paths. Let T1(n) denote the number of min (·, ·) or

max (·, ·) operations for the network with n relays, we have

T1(n) =
n∑
k=0

k · n!
(n− k)! +

n∑
k=0

n!
(n− k)! − 1 ∈ O(n · n!), (43)

since

lim
n→∞

T1(n)
n · n! = lim

n→∞

(
1
n

n∑
k=0

k + 1
(n− k)! −

1
n · n!

)
= e, (44)
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where e = 2.718 · · · is the Euler’s number.
Similarly, we define T2(n) the number of min (·, ·) or max (·, ·) operations for the

MTPS algorithm. For the worst case, only one available relay is selected within each
iteration to replace one hop, and other hops will be locked for the path. In such
scenario, within each iteration, the number of min (·, ·) equals to that of max (·, ·).
This is because each hop will be replaced by possible 2-hops, which need comparison
operations subsequently. Thus, the complexity of the MTPS algorithm is given by:

T2(n) = 2
(
n+ 2

n−1∑
k=1

(n− k)
)

= 2n2 ∈ O(n2). (45)

Comparing (43) and (45), we see that the MTPS algorithm can significantly
reduce the complexity compared to the brute-forced algorithm when the number of
relays are large.

The signaling overhead of the protocol is small. On one hand, the amount of
data that needs to periodically updated is small. For example, the availability of
the LOS paths for user-relay or relay-relay links and the status of any direct user-
user transmission only account for a few bits from each node (a few bits for link
identity and another bit for LOS availability). The positioning information is at
most 30 bytes [CLCS09, LDBL07]. Given the fact that the data transmission rate
is in the order of 100 Mbps, the time needed for transmitting control signaling
for each user node is around 10 microseconds3. On the other hand, the periodicity
of the parameter update is relatively large since the mobility of users/obstacles is
very slow in the indoor environment. For example, given a beamwidth of 12◦ and
communication distance of 5 meters, it takes roughly 500 milliseconds for the node
to move from the center of the beam to its edge and thus invalidate the previous
position information, if the velocity is 1 meter per second. Combining the above
two factors, and given the fact that there cannot be too many users in indoor
environment (say maximum 1 user per square meter), the aggregate overhead of
the control signaling is less than 1%.

E Performance Evaluation

In this section, we present simulation results on average throughput and outage
performance for both topology-dependent and topology-independent blockage mod-
els with different numbers of relay nodes deployed inside a circular hall of radius
R0 = 15 meters, where N = 20 obstacles are randomly distributed with link block-
age probability p ∈ [0, 1]. To simplify simulation, we assume that all the nodes are
placed on the same horizontal plane above the ground, and the ceiling of the indoor
environment is supposed to be always available for wave reflection. The distance
between the transmitter-receiver plane and the reflection ceiling is defined as h, and

3Here we also take into account the rate degradation caused by using omni-directional antenna
pattern at the central coordinator for control signaling.
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Table 1.2: Simulation Parameters

Parameters Symbol Value

Bandwidth W 1200 MHz
Transmitting Power Pt 0.1 mW

Transmitter Antenna Gain Gt 15 dB
Receiver Antenna Gain Gr 15 dB

Path Loss Exponent n 3
Background Noise N0 −114 dBm/MHz

Wavelength λ 5× 10−3 m
Dielectric Constant of Ceiling ω 6.14− j0.3015
Distance to Reflective Ceiling h 3 m

Number of Obstacles N 20
Radius of Relay Placement r 3 m

Radius of Circular Hall R0 15 m

the common simulation parameters are summarized in Table 1.2, which corresponds
to the SNR of 35 dB at 1-meter LOS transmission distance and 5 dB at 10-meter
distance.

Furthermore, we assume that all the antennas are situated at the same horizontal
plane as defined by the height of the nodes, which will allow us to characterize
the radiation pattern in a 2-D fashion4. Given azimuthal angle coordinate φ and
beamwidth ∆b, the antenna gain can be determined by using the idealized flat-top
model [WNE02] as follows,

G(φ) =


2π
∆b

, |φ| ≤ ∆b

2
0, otherwise.

(46)

With the antenna gain of 15 dB given by Table 1.2, we have the beamwidth ∆b =
11.4◦.

E.1 Average Throughput

We first evaluate the average throughput for four communications scenarios, namely,
LOS, (LOS, Relay), (LOS, Reflection), and (LOS, Relay, Reflection). We increase
the link blockage probability from 0 to 1 to demonstrate the benefits of resorting
to relaying and/or reflection, the dependence of the two random blockage models,
and the influence of the number of deployed relaying nodes.

4Usually, directional antennas are characterized by the radiation pattern in the 3-D fashion,
which relates to the elevation and azimuth beamwidth.
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Figure 1.3: Average throughput [Mbps] versus link blockage probability p for
topology-independent models, where N = 20 obstacles are randomly distributed
within a circular hall of radius R0 = 15 meters and the half-duplex relay node is
deployed at the center of the hall. The default transmit power is Pt = 0.1mW with
bandwidth W = 1200 MHz.

One Relay Scenario

In Fig. 1.3 we demonstrate the benefits of resorting to relaying and/or reflection
under the topology-independent random blockage model. We can see that, when
there are many obstacles (N=20) with link blockage probability p ∈ (0.1, 0.2), the
average throughput can be increased by approximately 10 times by introducing a
half-duplex relay node. The benefit of resorting to reflection paths, which is not
significant for small p (< 0.05), outweighs that of relaying for p > 0.35. Note that,
without reflection, the average throughput for the LOS and (LOS, relay) scenarios
both decreases dramatically, but adding a relay node can significantly slow down
the performance degradation trend. When reflection is taken into account, average
throughput of roughly 290 Mbps is still available even for very high link blockage
probability, which is well in line with our analysis in (23). Therefore, resorting
to reflection is capable to provide the minimum guarantee on average throughput
when the other transmission paths are unavailable. We also plot two curves for LOS
scenarios with increased transmit power Pt = 0.2 mW (dashed line, 3 dB power
gain) and Pt = 1 mW (dotted line, 10 dB power gain), respectively. Although
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Figure 1.4: Impact of blockage probability p on average throughput [Mbps] in the
topology-dependent or topology-independent model, where the (LOS, Relay) and
(LOS, Relay, Reflection) scenarios are employed.

increasing the transmit power can improve the average throughput, it is not an
effective way to combat link blockage.

In Fig. 1.4 we evaluate the influence of blockage modeling on the performance
of average throughput. For the (LOS, Relay) scenario, the difference between the
average throughput of two blockage models can be huge, especially when the block-
age probability p is large. The gap is much smaller when reflection is also taken into
consideration since the reflection paths are assumed to be always available (say via
ceiling) and therefore not subject to link blockage.

Multi-Relay Scenarios

In Fig. 1.6 we evaluate the benefit of deploying multiple relaying nodes under the
topology-independent model, where 2 to 4 relays are uniformly distributed on the
circle with the radius r = 3 meters according to the placement patterns shown
in Fig. 1.5. As the number of relaying nodes increases, the average throughput is
improved significantly for almost all range of link blockage probability (p > 0.05).
At p = 0, the improvement of increasing the number of relays is almost invisible
since the probability of increasing the rate by using a half-duplex relaying node
is small given the relatively small radius of the hall (R0 = 15 meters). Another
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Figure 1.5: The placement patterns for multiple relays that are uniformly scattered
on the circle with the radius r = 3 m in the room with radius R0 = 15 m.
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Figure 1.6: Average throughput performance for the multi-relay scenarios with
blockage in topology-independent model, where the relays are following the de-
ployment shown in Fig. 1.5.

interesting observation in Fig. 1.6 is that average throughput guarantee can also be
realized by increasing the number of deployed relaying nodes, and the importance
of reflection paths is no longer remarkable even when p is large.

On the other hand, Fig. 1.7 shows that the strong influence of blockage model-
ing still remains for multi-relay scenarios, very similar to what we have observed in
Fig. 1.4. Besides, a more interesting phenomenon will happen if we have higher
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Figure 1.7: Average throughput [Mbps] for (LOS, relay) with multiple relaying nodes
under topology-dependent or topology-independent models.

antenna gains, that is, the topology-dependent model will be surpassed by its
topology-independent counterpart in terms of average throughput when the num-
ber of relays is increased to a certain value, which also implies the influence of
blockage modeling. Here, we are not going to provide those simulations due to the
space limitation.

E.2 Outage Probability
We first investigate the influence of blockage modelling on the availability of LOS
and relay links. In Fig. 1.8 we plot the event probabilities Pr (Ei), i ∈ {1, 2, 3, 4},
indicating the availability of the LOS and/or the relay paths for the (LOS, Relay)
scenario, where

Pr (Ei) =
∫∫∫

(l,l1,l2)

Pr
(
Ei
∣∣L) fL (l, l1, l2) dldl1dl2, (47)

and Pr (Ei), i = 1, 2, 3, 4, corresponding to the four blockage situations of (LOS,
Relay) scenario, are presented in (17), (18), (19) and (20), respectively. We observe
that, except for E1, the probability for two blockage models differs significantly
for some range of p. If we maintain connectivity by choosing a lower threshold,
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Figure 1.8: The event probabilities Pr (Ei), i = 1, 2, 3, 4, for the (LOS, Relay)
scenario regarding the availability of the LOS and/or the relaying paths under
topology-dependent or topology-independent models. Pr (Ei), i = 1, 2, 3, 4, corre-
spond to four blockage situations presented in (17), (18), (19) and (20), respectively.

the outage probability Pr(1 relay)
out (p) = Pr (E4) is shown in (29). From numerical

evaluations we can see that the topology-dependent model has higher Pr (E4) than
that of the topology-independent model for p ≤ 0.23 and smaller otherwise (as
shown in the zoom-in details), which implies that the comparison of the two random
blockage models should be related to the underlining link blockage probability,
which coincides with what we conclude from Fig. 1.7.

In Fig. 1.9 we investigate the outage performance under the topology-independent
random blockage model where the rate threshold is set toRε = R(2R0) = 605 Mbps.
When p is small, the approximated outage probability given by (35) matches well
with the simulation results. It also shows that the outage probability can be re-
markably reduced by increasing the number of relays. Resorting to the reflection
paths, however, can only provide marginal contribution for low blockage probabil-
ity cases. This is in line with what we have observed in the simulation results for
average throughput.
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Figure 1.9: Outage probability for scenarios with different number of relays under
the topology-independent model where the threshold rate is set to Rε = 605 Mbps.
The approximated and simulated outage performance are also provided.

F Conclusions

We have investigated the throughput and outage performance of indoor 60 GHz
communications over relay networks, where the communication between two nodes
can be established either by the LOS path, via a half-duplex relaying node, or via
the reflection path. A central coordinator is deployed to collect the topology in-
formation of nodes and to manage the path selection and scheduling. We consider
both topology-independent and topology-dependent random blockage models and
analyze the performance of average throughput and outage probability. To increase
the throughput for networks with multiple relays, we propose the MTPS algorithm
to select the optimal transmission path. Given n relay nodes, we show that the
complexity of the proposed algorithm is O(n2), in contrast to O(n · n!) by the
brute-force approach. Simulation results show that increasing the number of relays
can substantially increase the average throughput and decrease the outage proba-
bility. Reflection path, on the other hand, is very useful to keep the connectivity and
lower the outage probability when the link blockage probability is high. Further-
more, we have observed that different blockage models can significantly affect the
performance of average throughput and outage probability. Therefore, it is crucial
to determine the suitable types of random blockage models when analyzing and
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evaluating different communications schemes for a specific network configuration.
In future, we will explore the influence of interference from concurrent transmis-

sion on the performance of the MTPS algorithm. Besides, it would be interesting
and crucial to determine which model is more suitable to model the random block-
age events in different indoor situations, and what’s the impact of the probabilistic
path loss model [SSRRM15] on the design of optimal path selection algorithms.

G Appendices

G.1 Proof of Proposition B.1
We assume the propagation distance is much larger than the wavelength. We denote
by Ein and Erefl the electric fields of incident and reflected waves at the reflection
point, respectively. According to the Fresnel Reflection Formula, we have Erefl =
|η|Ein, where η is given in (6). As shown in Fig. 1.2, the distance of the LOS path
between two points N1(x1, y1) and N2(x2, y2) is l =

√
(x1 − x2)2 + (y1 − y2)2 and

the distance of the reflection path is l′ =
√

(x1 − x2)2 + (y1 + y2)2. The incident
angle θ is determined as

θ = arctan
∣∣∣∣x2 − x1

y2 + y1

∣∣∣∣ . (48)

The path loss of the LOS path and the reflection path are therefore (measured
in dB)

LN1N2(l) = 20 log
(

4π
λ

)
+ 10n log(l), (49)

LN ′1N2
(l
′
, θ) = 20 log

(
4π
λ

)
+ 10n log(l

′
)− 20 log |η(θ)|. (50)

Subtracting (49) from (50) provides (5).
In a special case with y1 = y2 = h, we have l = |x1 − x2| and l

′ =
√
d2 + 4h2

and the incident angle θ can be obtained by θ = arctan
(
d
2h
)
. Once h is known and

fixed, both l
′ and θ can be regarded as the functions of l and therefore χ(l, l′ , θ)

can be reduced to a function of only l for given h,

χ(l) = 5n log
(

1+4h2

l2

)
− 20 log

∣∣∣∣∣
√

(ω−1)l2+4ωh2−2ωh√
(ω−1)l2+4ωh2+2ωh

∣∣∣∣∣ . (51)

G.2 Derivation of Equation (32)
As depicted in Fig. 1.10, N1 and N2 are the user terminals, and R1 and R2 represent
two relays, respectively. The label bk, k ∈ {0, 1, . . . , 5} on each arrow of the graph
denotes the blockage event over the corresponding link. Clearly, there are four link
blockage patterns Xi, i = 1, 2, 3, 4, to disconnect the communication between N1
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Figure 1.10: The scenario with two relays, namely R1 and R2, where N1 and N2
are two wireless devices.

and N2, where X1 = b0b1b2, X2 = b0b3b4, X3 = b0b1b5b4 and X4 = b0b2b5b3. The
outage happens if any of the four link blockage patterns occurs. Thus, the outage
probability is given by:

(2 relay)
Pr
out

= Pr (X1 ∪X2 ∪X3 ∪X4)

=
4∑
i=1

Pr (Xi)−
∑
i<j

Pr (XiXj) +
∑
i<j<k

Pr (XiXjXk)−
∑

i<j<k<l

Pr (XiXjXkXl) .

(52)

By expressing Xi, i = 1, 2, 3, 4 in bk, k ∈ {0, 1, . . . , 5} and using the inclusion-
exclusion principle iteratively, the outage probability can be obtained.
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Performance Analysis of Millimeter-Wave
Relaying: Impacts of Beamwidth and

Self-Interference

Guang Yang and Ming Xiao

Abstract

We study the maximum achievable rate of a two-hop amplified-and-forward
(AF) relaying millimeter-wave (mm-wave) system, where two AF relaying
schemes, i.e., half-duplex (HD) and full-duplex (FD) are discussed. By con-
sidering the two-ray mm-wave channel and the Gaussian-type directional an-
tenna, jointly, the impacts of the beamwidth and the self-interference coeffi-
cient on maximum achievable rates are investigated. Results show that, under
a sum-power constraint, the rate of FD-AF mm-wave relaying outperforms
its HD counterpart only when antennas with narrower beamwidth and smaller
self-interference coefficient are applied. However, when the sum-power bud-
get is sufficiently high or the beamwidth of directional antenna is sufficiently
small, direct transmission becomes the best strategy, rather than the AF re-
laying schemes. For both relaying schemes, we show that the rates of both
AF relaying schemes scale as O

(
min

{
θ−1
m , θ−2

m

})
with respect to beamwidth

θm, and the rate of FD-AF relaying scales as O
(
µ−

1
2

)
with respect to self-

interference coefficient µ. Besides, we show that, ground reflections may sig-
nificantly affect the performance of mm-wave communications, constructively
or destructively. Thus, the impact of ground reflections deserves careful con-
siderations for analyzing or designing future mm-wave wireless networks.

A Introduction

Thanks to abundant spectrum resources, wireless communications at millimeter-
wave (mm-wave) bands (ranging from around 24 GHz to 300 GHz) is a key en-
abler for fulfilling the multi-Gbps rates in future mobile communications [XMH+17,
RSM+13]. However, mm-wave communications still need to overcome many chal-
lenges. A typical challenge is the severe path loss. One common solution is to
use highly directional antennas. Normally, a directional antenna with narrower
beamwidth has a higher antenna gain at the main lobe, which can compensate
for the path loss, and hence can significantly improve the transmission distance
and reduce the outage probability [RRS+05, YYMZ06, Epp06, WNLa+14]. In pre-
vious works, the radiation pattern of directional antennas was usually modeled in
an idealized fashion, i.e., a large constant antenna gain within the narrow main-
lobe and zero elsewhere. This idealized radiation pattern (often referred to as the
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“flat-top” model) was widely used [WNE02,KPL03,SMM11] for performance anal-
ysis, due to its high tractability. Evidently, the side-lobe effect is neglected in
the flat-top model, which however is not negligible when the beamwidth is less
than 60◦, as demonstrated in [Ram01]. In recent years, numerous efforts have
been dedicated in directional antennas, and the effect of side-lobe leakages is in-
corporated. For instance, in [BB+10, AEAH12], a piece-wise model was applied.
In [WKW10, WNLa+14, SGFF+15, BH15], a sectorized model that considers the
side-lobe leakage is employed, which has both constant gains in the main and side
lobes, respectively.

In addition to the severe path loss, mm-wave communications suffer high pen-
etration loss and weak diffusion, diffraction, and high-order reflections [GKZV09].
Therefore, mm-wave radios are more suitable for short-range wireless systems. To
achieve the higher coverage and robustness, relaying techniques may be used for
mm-wave communications. According to the duplex mode, relaying techniques can
be categorized as half-duplex (HD) and full-duplex (FD). In contrast to the HD
relay, the FD relay can support simultaneous reception and transmission, while
it suffers from the self-interference. Numerous efforts have been devoted to ex-
ploring potentials of performance enhancement via relays in mm-wave communica-
tions [GOON10, DSZC13, RST14, LJT14]. In [WZS+15], the energy efficiency was
studied for 60 GHz indoor networks with amplify-and-forward (AF) relay. The
comparison between two duplex modes was performed, and the impacts of imper-
fect self-interference suppression, drain efficiency and static circuit power were also
studied. In recent works [WZS+16b, WZS+16a], the algorithm of energy-efficient
cross-layer resource allocation with for the FD decode-and-forward (DF) relaying
was developed.

However, for mm-wave relaying systems with directional antennas, there are two
major limitations in the existing works:

(i) The sectorized model (e.g., [WNLa+14,SGFF+15,BH15]) is a prevailing op-
tion when modeling the radiation pattern of directional antennas, due to its
high tractability for analysis. However, in the sectorized model, only two con-
stant gains are used to characterize the main and side lobes, respectively,
without any transition between them. An obvious drawback of this idealiza-
tion is that, the crucial “roll-off” feature (a gradual decay from the main lobe
to the side lobe) of the real-world radiation pattern for directional antennas is
not reflected, and the resulting discontinuity may seriously affect the system
performance evaluations.

(ii) It has been shown in [GRON10,YDX15,LvdBS+16,VH16] that, first-order re-
flections are not negligible in mm-wave communications. However, in most of
preceding works (e.g., [GKZV09,SGFF+15,SKGA15,TBHJ16]), the impacts
of ground reflections (first-order reflections) are rarely incorporated, since it is
widely and deeply believed that the ground reflection is not a dominant factor
that can dramatically affect performance evaluations. This conventional chan-
nel model for mm-wave radios (based on the LOS path only) may lead to an
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obvious overestimation (resp., underestimation) in performance evaluations,
due to the omission of the non-negligibly constructive (resp., destructive) ef-
fects of reflections.

It is evident that, the aforementioned limitations may result in obvious inac-
curacy when analyzing the performance of mm-wave wireless communications. To
address above two problems, two heuristic models are considered in this paper. For
the radiation pattern of directional antennas, the Gaussian-type directional antenna
model [TSI06,Gag12,MiW14,TH15] is used, where the main-lobe gain attenuates to
a non-zero side-lobe gain in the continuous manner, such that the “roll-off” feature
of the real radiation pattern can be seized, while preserving the tractability. Further-
more, to incorporate ground reflections in mm-wave channels, the two-ray channel
model [R+96,Gol05,RJLMPG17] is employed. Due to the fact that ground normally
acts as the commonest reflective surface in various scenarios1, we consider ground
reflections only in our study. The use of the two-ray model in mm-wave communica-
tions is fairly recent, which can be found in [JLGH09,WPK+15,HSA+13,HOI+16].

The objective of our paper is to study the maximum achievable rates of a two-
hop AF relaying system with mm-wave. More precisely, we first formulate the rates
by HD-AF and FD-AF relaying schemes, respectively, where the optimized time-
sharing scheme for the HD mode and optimal power allocations are studied. To
the best of our knowledge, we are the first to consider a joint treatment of antenna
model and channel model, which is important for analyzing the performance of mm-
wave communications. Subsequently, we investigate the impacts of the beamwidth
and the self-interference cancellation on mm-wave communications with AF relays.
The main contributions of our work can be summarized from the following aspects:

• To overcome the limitations induced by the conventional oversimplification
of the directional antenna and the propagation model for mm-wave commu-
nications, we consider the Gaussian antenna model and the two-ray channel
model, jointly2. Note that, there exists a trade-off between the main-lobe and
side-lobe gains in the Gaussian antenna model when varying the beamwidth.
Paired with the two-ray channel model, evidently, the distribution of signal
strength on direct and reflected propagation paths heavily depends on the
beamwidth. Thus, a joint treatment of two heuristic models is essential, and
it enables performance evaluations of mm-wave systems in a more accurate
way.

• In terms of main-lobe beamwdith θm, we demonstrate that the maximum
rates of AF relaying schemes scale as O

(
min

{
θ−1
m , θ−2

m

})
. Furthermore, let

1The channel model, of course, can be generalized to a “multi-ray” version, if multiple domi-
nant reflective objects simultaneously exist.

2It is worth mentioning that, the Gaussian antenna model itself is not novel. However, the
joint treatment of Gaussian antenna model and two-ray channel model has not been performed
previously, which is one of our main contributions.



92
Performance Analysis of Millimeter-Wave Relaying: Impacts

of Beamwidth and Self-Interference

self-interference coefficient µ ∈ (0, 1) characterize the self-interference cancel-
lation. That is, a smaller µ indicates better self-interference cancellation, we
find that the rate of FD-AF relaying scales as O

(
µ−

1
2

)
. The convexity of

the decay in the achievable rate with respect to µ reveals great benefits by
strengthening the self-interference cancellation in FD-AF relay implementa-
tions. These results give a more convenient way to keep track of the perfor-
mance, and provide insights for the future system design.

• In contrast to the conventional belief that the effect of reflections is negligi-
ble in mm-wave communications, our results show that, the constructive or
destructive contribution of ground reflections is indeed nontrivial. Note that,
the ground reflection heavily relies on the incident angle, the radiation pat-
tern of directional antenna, and the transmission distance, the contribution of
ground reflections may be fairly obvious. Thus, careful considerations regard-
ing the impacts of ground reflections are valuable for analyzing or designing
mm-wave networks.

The rest of the paper is organized as follows. In Sec. B, we give a system for
two-hop AF relaying with mm-wave, where the two-ray channel and Gaussian an-
tennas are jointly considered. In Sec. C, the maximum achievable rates of two-hop
relaying mm-wave systems by two relaying schemes are presented, respectively,
where time-sharing and power allocations are incorporated. In Sec. D, the impacts
of the beamwidth and the self-interference cancellation on the rates of two relay-
ing schemes are comprehensively studied. Numerical results are provided in Sec. E,
which are followed by conclusions drawn in Sec. F.

In our paper, we use “big-O” notation to denote the variation of rates with
respect to the beamwidth or the self-interference coefficient. The big-O notation is
defined as: let u (x) and f (x) be two functions defined on some subset of the real
numbers, then we let u (x) = O (f (x)) whenever |u (x) /f (x) | is upper bounded
for all feasible x.

B System Model

We consider a two-hop AF relaying system with mm-wave, which consists of a source
node S, a destination node D, and a relay node R (in the HD or FD mode)3,
as illustrated in Fig. 1.1. All nodes are equipped with directional antennas. For
notational simplicity, we denote by hi ∈ C, i ∈ {1, 2} the channel coefficients of
links S−R and R−D, respectively. We denote by HS , HR and HD the deployment
height of S, R and D, respectively. In addition, for S −R and R−D links, we let
L1 and L2 be the respective horizontal separation distances.

In this section, we elaborately show the two-ray channel model and the Gaus-
sian antenna model, respectively, which are used for our subsequent performance

3We assume that there exists no direct link between S and D in our scenario (e.g., due to
extremely severe blockage or path loss).
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Figure 1.1: Two-hop AF relaying system: two-ray channel and directional antennas.

analysis for mm-wave communications. At mm-wave bands, the multi-path effect
resulted by scattering is negligible, since electromagnetic waves with short wave-
length have weak capability of diffraction or high-order reflections [GKZV09]. Also,
the shadowing effect happens only when obstacles emerge in the propagation path
of mm-wave radios, and severe shadowing may result in the link blockage. To mit-
igate the detrimental effect by shadowing, one can elevate the deployment heights
of nodes, i.e., HS , HR, and HD, such that the probability that obstacles appear in
wave propagation path can be reduced. For focusing on impacts of the beamwidth
and self-interference, both multi-path and shadowing effects are not considered for
mm-wave channels in our study.

B.1 Two-Ray Channel
The two-ray model is a classic channel model that considers two major coexisting
transmission paths, i.e., the light-of-sight (LOS) path and the reflection path, and
the feasibility of modeling mm-wave channels has been investigated in [JLGH09,
WPK+15,RJLMPG17]. The two-ray channel model is shown in Fig. 1.1.

By Friis transmission formula, the received signal power is written as Pr =
Pt · |hi|2, where Pt denotes the transmit power, and hi for i = 1, 2 denotes the
channel coefficient. In the presence of reflections from the ground surface, hi is
exactly written as

h1 =
λ
(
G (0) +G (θ1) Γ (θ1) cos (θ1) e−j∆ϕ1

)
4π
√

(HS −HR)2 + L2
1

h2 =
λ
(
G (0) +G (θ2) Γ (θ2) cos (θ2) e−j∆ϕ2

)
4π
√

(HR −HD)2 + L2
2

, (1)

where λ is the wavelength of mm-wave radio, G (∗) denotes the radiation pattern of
directional antenna (to be elaborated subsequently), and θi denotes the reflection
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angle relative to the ground plane, which is given as
θ1 = arctan

(
HS +HR

L1

)
θ2 = arctan

(
HR +HD

L2

) .

Furthermore, the phase difference ∆ϕi for i = 1, 2, which is characterized by
the length difference between the LOS path and the reflection path, is expressed as

∆ϕ1 = 2π
λ

(√
(HS+HR)2+L2

1 −
√

(HS−HR)2+L2
1

)
∆ϕ2 = 2π

λ

(√
(HR+HD)2+L2

2 −
√

(HR−HD)2+L2
1

) .

In addition, reflection coefficient Γ (θi) associated with reflection angle θi [Gol05]
is given as

Γ (θi) = sin θi − Z (θi)
sin θi + Z (θi)

.

Here, Z (θi) with respect to perpendicularly and horizontally polarized electromag-
netic waves are respectively shown as

Z (θi) =
{
ω−1

√
ω − cos2 (θi), perp. polarization√

ω − cos2 (θi), horiz. polarization
, (2)

where ω denotes the dielectric constant of ground.

B.2 Gaussian-Type Directional Antenna
For radiation pattern G (∗), we consider a Gaussian-type directional antenna model,
which captures the “roll-off” feature of real radiation patterns [Gag12, MiW14,
TH15], and matches well with measured results [TSI06]. For the validation of the
Gaussian-type directional antenna model, interested readers are referred to related
literature, e.g., [TSI06,Gag12,MiW14,TH15].

In the Gaussian-type model4, let φ ∈ [−π, π) be the orientation angle relative
to the boresight. With respect to the constraint for the total radiated power in all
directions, i.e.,

∫ π
−π G(θ)dθ = 2π, the antenna gain along this orientation is given

as

G (φ) = 2π
V (θm, θh) + 2π − θm

10
3
10

[
θ2m−4φ2

θ2
h

]
+ , (3)

4Slightly different from the model adopted in [TSI06,Gag12,MiW14,TH15], we in this paper
particular introduce the constraint of total radiated power in all directions. Details are provided
in the subsequent section.
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where [∗]+ , max {∗, 0}, θh is the half-power beamwidth, θm is the main-lobe
beamwidth, and V (θm, θh) is defined as

V (θm, θh) ,
∫ θm

0
10

3
10

(
θ2m−x

2

θ2
h

)
dx.

According to evaluations performed in [TSI06, MiW14], we have the empirical
expression θm = 2.6 · θh for π

12 ≤ θm ≤
π
3 . Thus, (3) can be further reduced to

G (φ) = 2π
2π + 42.6443θm

· 102.028
[
1−( 2φ

θm
)2]

+ , (4)

which will be used throughout the paper.

C Rates of AF Relaying Schemes

In this section, we study the maximum achievable rates of two-hop AF relaying
system with mm-wave, as illustrated in Fig. 1.1. The channel gain of a two-ray mm-
wave channel on the ith hop for i = 1, 2 is characterized by gi , |hi|2, following (1),
and the antenna gain of Gaussian-type directional antenna follows the expression
in (4).

For notational simplicity, we define ξi as the transmit power on the ith hop.
Besides, let s be the signal-to-noise ratio (SNR) or the signal-to-interference-plus-
noise ratio (SINR), then we use C (s) , log2 (1 + s) to denote the achievable rate.
In our study, sum-power constraint is considered for both AF relaying schemes5,
which will be elaborated subsequently.

C.1 Half-Duplex Mode (HD-AF)
Let x be the signal transmitted from S, where x ∼ CN (0, 1) is independent and
identically distributed (i.i.d.). Then, the received signal at R is given as

yR =
√
ξ1h1 · x+ n1,

where the AWGN n1 at R follows N (0, 1). After amplifying yR by scaling coefficient
a, i.e.,

a =

√
ξ2

g1ξ1 + 1 .

Then, the amplified signal is subsequently sent to D from R, and the signal that
finally reaches D is obtained as

yD = a
√
ξ1h1h2 · x+ ah2 · n1 + n2,

5Sum-power constraint can be realized by a centralized power controller, and it is already used
in many works on optimizing multi-hop networks. e.g., [Saa14, WSW11]. The study also can be
extended to the scenario with per-node power constraint, which however is not considered in our
study, since our main focus is to investigate the impacts of beamwidth and self-interference.
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where the AWGN n2 at D follows N (0, 1).
Given a sum-power constraint, power allocation is performed to maximize the

rate of HD-AF relaying. We consider the optimized time-sharing strategy for HD-
AF relaying. A normalized time-sharing parameter 0 ≤ β ≤ 1 is used to charac-
terize the duration for the transmission from S to R, and (1− β) is left for the
transmission from R to D. Thus, the sum-power constraint that incorporates the
time-sharing scheme can be interpreted as

βξ1 + (1− β) ξ2 = ξ, (5)

where ξ represents the sum-power constraint in terms of ξ1 and ξ2. In the following
proposition, we formulate the maximum achievable rate of HD-AF by applying time
sharing and power allocation.

Proposition C.1. For two-hop HD-AF relaying, given sum-power constraint βξ1+
(1− β) ξ2 = ξ, the maximum achievable rate is formulated as

η∗HD = max
0≤β≤1
ξ1,ξ2≥0

βξ1+(1−β)ξ2=ξ

min


βC (g1ξ1) ,

(1− β)C
(

g1g2ξ1ξ2
1 + g1ξ1 + g2ξ2

) .

Proof. From S to R, it is clear that, the throughput with respect to duration β is
given as

TS−R = β log2 (1 + g1ξ1) , βC (g1ξ1) .

From R to D, due to the AF policy, the transmitted signal from relay is a scaled
version of its received signal, and hence the throughput is obtained as

TR−D = (1− β)C
(

g1g2ξ1ξ2
1 + g1ξ1 + g2ξ2

)
.

Since the end-to-end throughput is restricted to the bottleneck hop, the overall
throughput is T = min {TS−R, TR−D}. With (5), the optimization problem can be
formulated.

However, it is worth noting that, it is a non-trivial task to solve the optimization
problem formulated in Proposition C.1. The major difficulty lies in the constraint
introduced by (5), where the selection of the optimal time-sharing parameter and
power allocation are intertwined with each other. More precisely, the optimal β
depends on ξ1 and ξ2, while ξ1 and ξ2 are constrained to ξ in terms of β via
(5). In this case, we are unable to decouple the constraints straightforwardly, such
that it is intractable to obtain a closed-form solution for η∗HD. However, in what
follows, we will study the maximum achievable rate in a special case, i.e., with
fixed β = 1

2 , which corresponds to HD-AF relaying with equally assigned time slots
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for two transmission phases. Thus, with fixed β = 1
2 , the optimization problem in

Proposition C.1 can be reduced to

η∗HD

∣∣∣
β= 1

2

= max
ξ1+ξ2=2ξ
ξ1,ξ2≥0

1
2C
(

g1g2ξ1ξ2
1 + g1ξ1 + g2ξ2

)

, max
ξ1+ξ2=2ξ
ξ1,ξ2≥0

1
2C (γHD (ξ1, ξ2))

=1
2C

 max
ξ1+ξ2=2ξ
ξ1,ξ2≥0

γHD (ξ1, ξ2)

 .

For the maximum SNR, denoted by γ∗HD, we have

γ∗HD , max
ξ1+ξ2=2ξ
ξ1,ξ2≥0

γHD (ξ1, ξ2) = max
ξ1+ξ2=2ξ
ξ1,ξ2≥0

g1g2ξ1ξ2
1 + g1ξ1 + g2ξ2

=
(

min
0≤ξ1≤2ξ

1 + (2g2ξ)−1

g1ξ1
+ 1 + (2g1ξ)−1

g2 (2ξ − ξ1)

)−1

= 4g1g2ξ
2(√

1 + 2g1ξ +
√

1 + 2g2ξ
)2 ,

which concludes the maximum spectral efficiency, i.e.,

η∗HD

∣∣∣
β= 1

2

= 1
2C
(

4g1g2ξ
2(√

1 + 2g1ξ +
√

1 + 2g2ξ
)2
)
, (6)

whenever the power allocation below can be applied:
ξ∗1 = 2ξ

√
1 + 2g2ξ√

1 + 2g1ξ +
√

1 + 2g2ξ

ξ∗2 = 2ξ
√

1 + 2g1ξ√
1 + 2g1ξ +

√
1 + 2g2ξ

.

C.2 Full-Duplex Mode (FD-AF)
In FD-AF relaying, µ ∈ (0, 1) is the self-interference coefficient, which characterizes
the capability of self-interference techniques6. That is, a smaller µ indicates a more
powerful self-interference suppression. Let x [k] denote the transmitted signal from

6Commonly, the self-interference coefficient is determined by the back-end implementation,
circuit design or signal processing techniques, which is independent of the beamwidth of directional
antennas at the front-end.
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S at time slot k, and we assume it is i.i.d. over time slots. At R, it is easy to obtain
that {

y
(r)
R [k] =

√
ξ1h1 · x [k] +√µy(t)

R [k − 1] + n1 [k]

y
(t)
R [k] = a · y(r)

R [k]
,

where y(r)
R [k] and y(t)

R [k] represent the received and transmitted signals at R in time
slot k, respectively, the variance of AWGN n1 [k] is 1, and the scaling coefficient a
is given as

a =

√
ξ2

ξ1g1 + 1 + µξ2
.

Finally, the received signal at D can be expressed as

yD [k] = ah2

(√
ξ1h1x [k]+√µy(t)

R [k−1]+n1 [k]
)

+n2 [k] ,

where the variance of AWGN n2 [k] is 1. Thus, the SINR can be easily obtained as

γFD (ξ1, ξ2) = g1g2ξ1ξ2
(g2ξ2 + 1) (µξ2 + 1) + g1ξ1

, (7)

and the resulting rate is given by ηFD = C (γFD (ξ1, ξ2)).
Given a sum-power constraint, in following Proposition C.2, the maximum

achievable rate of FD-AF relaying by power allocation is presented, where the
sum-power constraint is given as ξ1 + ξ2 = ξ.

Proposition C.2. For two-hop FD-AF relaying, given the sum-power constraint
ξ1 + ξ2 = ξ, the maximum achievable rate is

η∗FD = C

(
g1g2ξ

2

2+(g1+g2+µ) ξ+2
√

(1+g1ξ) (1+g2ξ) (1+µξ)

)
,

where the optimal power allocation is given as


ξ∗1 = ξ

√
1 + (µ+ g2) ξ + µg2ξ2

√
1 + g1ξ +

√
1 + (µ+ g2) ξ + µg2ξ2

ξ∗2 = ξ
√

1 + ξg1√
1 + ξg1 +

√
1 + (µ+ g2) ξ + µg2ξ2

.

Proof. We know that η∗FD = C (γ∗FD), where γ∗FD denotes the maximized SINR at
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destination, i.e.,

γ∗FD , max
ξ1+ξ2=ξ
ξ1,ξ2≥0

γFD (ξ1, ξ2) = max
ξ1+ξ2=ξ
ξ1,ξ2≥0

g1g2ξ1ξ2
(g2ξ2 + 1) (1 + µξ2) + g1ξ1

=

 min
0≤ξ1≤ξ

1 + µξ + µ+ 1
ξ

g2

g1ξ1
+

1 + 1
g1µ

g2ξ2
− µ

g1

−1

= g1g2ξ
2(√

1+g1ξ+
√

1+(µ+g2) ξ+µg2ξ2
)2
−µg2ξ2

(8)

whenever the power allocation below can be applied:
ξ∗1 = ξ

√
1 + (µ+ g2) ξ + µg2ξ2

√
1 + g1ξ +

√
1 + (µ+ g2) ξ + µg2ξ2

ξ∗2 = ξ
√

1 + ξg1√
1 + ξg1 +

√
1 + (µ+ g2) ξ + µg2ξ2

.

Thus, the proposition can be concluded.

D Impacts of Beamwidth and Self-Interference
Cancellation on Mm-wave AF Relaying

Based on the general results presented in Sec. C, in this section, we investigate the
impacts of beamwidth and self-interference coefficient, respectively, on the maxi-
mum achievable rates of two-hop AF relaying systems with mm-wave.

D.1 Impact of Beamwidth
By Propositions C.1 and Propositions C.2, we know that both η∗HD and η∗FD mono-
tonically increase in gi , |hi|2. It is known from (1) that, hi is related to the
beamwidth of directional antennas, since G (0) and G (θi) are determined by θm,
as shown in (4). Thus, θm determines gi, and hence affects the rates of relaying
systems. It is easy to find that, (4) can be reformulated as

G (θi) = G (0) ε
min
(

1,
( 2θi
θm

)2
)
,

where ε = 0.0094. Thus, gi can be equivalently written as

gi =
(

Bi
1 + τθm

)2
∣∣∣∣∣1 + zi · ε

min
(

1,
( 2θi
θm

)2
)∣∣∣∣∣

2

, (9)
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where, for notational simplicity, τ , Bi and zi are respectively given as

τ ,
42.6443

2π ∈ R

B1 ,
λ

4π
√

(HS −HR)2 + L2
1

· 102.028 ∈ R

B2 ,
λ

4π
√

(HR −HD)2 + L2
2

· 102.028 ∈ R

zi , Γ (θi) · cos θi · exp (−j∆ϕi) ∈ C

.

In the following lemma, we demonstrate the decaying rule of gi with respect to
θm.

Lemma D.1. With the beamwidth θm, channel gain gi scales as O
(
θ−2
m

)
.

Proof. Let θi be the given reflection angle. According to (9), we have

gi <

(
Bi
τ

)2
·

∣∣∣∣∣1 + zi · ε
min
(

1,
( 2θi
θm

)2
)∣∣∣∣∣

2

· θ−2
m

≤
(
Bi
τ

)2
·

∣∣∣∣∣1 + |zi| · ε
min
(

1,
( 2θi
θm

)2
)∣∣∣∣∣

2

· θ−2
m

<

(
Bi · (1 + |zi|)

τ

)2
· θ−2
m ,

where the last line is obtained due to the fact that min
(

1, 2θi
θm

)
is a non-increasing

function of θm. Note that ε = 0.0094 and 0 < |zi| < 1, it can be concluded that
gi = O

(
θ−2
m

)
.

Furthermore, we present series of inequalities in the following lemma.

Lemma D.2. For ∀x ≥ 0, we have

ln (1 + x) ≤ x√
1 + x

≤ min
{√

x, x
}
.

Proof. For the first inequality, we define

f (x) , ln (1 + x)− x√
1 + x

,

then the first derivative with respect to x is given as

df (x)
dx

= 2
√

1 + x− x− 2
2 (1 + x)

3
2

= −
(√

1 + x− 1
)2

2 (1 + x)
3
2

.
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It is clear that, the first derivative of f (x) over x ≥ 0 is definitely non-positive,
which indicates f (x) ≤ f (0) = 0 for all x ≥ 0. For the second inequality, it can be
easily concluded by considering if x ≥ 1 or 0 ≤ x ≤ 1.

In light of above two lemmas, the impact of the beamwidth on the maximum
achievable rates of the AF relaying systems with mm-wave is revealed in the fol-
lowing theorem.

Theorem D.1. With respect to beamwidth θm, the maximum achievable rate of
two-hop AF relaying with mmWvae (given in Proposition C.1 or C.2) scales as
O
(
min

{
θ−1
m , θ−2

m

})
.

Proof. Please see Appendix G.1.

The result in Theorem D.1 is unsurprising, and it coincides with the intuition
that the directional antenna with a narrower beamwidth enables a higher achievable
rate. The main contribution of Theorem D.1 is that, we characterize the rates of
AF relaying schemes in the concise manner, with respect to the beamwidth of the
specific Gaussian-type directional antenna.

Subsequently, we investigate the contribution of the reflection path relative to
the LOS path. We know that, hi consists of the LOS component and the reflection
component, i.e.,

hi = λG (0)
4πLi︸ ︷︷ ︸

,hLOS
i
∈R

+ λG (θi)
4πLi

· zi︸ ︷︷ ︸
,href

i
∈C

∈ C.

We have
∣∣hLOS
i

∣∣ > ∣∣href
i

∣∣, since the reflection component suffers the reflection loss
(partial absorption by reflective material) and the additional path loss (due to extra
transmission distance for the reflection path).

We define gLOS
i ,

∣∣hLOS
i

∣∣2 and gref
i ,

∣∣href
i

∣∣2. To characterize the contribution
of the reflection path relative to the LOS path, we define relative contribution ζi in
terms of gLOS

i and gref
i as

ζi ,
gref
i

gLOS
i

∈ (0, 1) . (10)

Note that
∣∣|hi| − |hLOS

i |
∣∣ ≤ ∣∣href

i

∣∣ always holds, the lower and upper bounds of
gi in terms of gLOS

i and ζi are given as(
1−

√
ζi

)2
· gdir
i ≤ gi ≤

(
1 +

√
ζi

)2
· gdir
i .

Given ε and zi, we provide the lower and upper bounds for ζi in the proposition
below. Moreover, the non-increasing monotonicity of ζi in θm is also revealed.
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Proposition D.1. Given reflection angle θi, relative contribution ζi defined in (10)
is monotonically non-decreasing in θm, and we further have

0 < ε2|zi|2 ≤ ζi < |zi|2 < 1.

Proof. By the definition of ζi, we have

ζi = G2 (θi) |zi|2
G2(0) = ε

2 min
(

1,
( 2θi
θm

)2
)
· |zi|2.

Due to the monotonicity min
(

1, 2θi
θm

)
with respect to θm, it is straightforward to

conclude the bounds for ζi, as well as the non-decreasing monotonicity.

Proposition D.1 indicates that, ground reflections affects the rate of AF relaying
systems more when the directional antenna has a broader beamwidth. It is worth
mentioning that, the contribution may be exhibited either in the constructive or
the destructive way, since ζi is only counted by the absolute value.

D.2 Impact of Self-Interference Cancellation
We know that, the SINR for FD-AF relaying, denoted by γ∗FD, heavily relies on
µ (see Proposition C.2). In this subsection, we investigate the impact of the self-
interference coefficient on the maximum achievable rate of FD-AF mm-wave relay-
ing system, i.e., the impact of µ on η∗FD = C (γ∗FD).

For simplifying illustration, we start with γ∗FD, which can be rewritten as

γ∗FD = A0

A1 + ξµ+A2
√

1 + ξµ
, (11)

where A0, A1 and A2 respectively denote
A0 = g1g2ξ

2

A1 = 2 + (g1 + g2) ξ
A2 = 2

√
(1 + g1ξ) (1 + g2ξ)

.

In the following lemma, we demonstrate the convexity and monotonicity of γ∗FD.

Lemma D.3. SINR γ∗FD is strictly convex and monotonically decreasing in self-
interference coefficient µ ∈ (0, 1).

Proof. In terms of µ, we can verify that, γ∗FD is continuous and twice differentiable
over µ ∈ (0, 1). The first-order and second-order partial derivatives of (11), with
respect to µ, are respectively given as

∂γ∗FD
∂µ

= −
ξA0

(
1 + A2

2
√

1+ξµ

)
(
A1 + ξµ+A2

√
1 + ξµ

)2



D. Impacts of Beamwidth and Self-Interference Cancellation on Mm-wave
AF Relaying 103

and

∂2γ∗FD
∂µ2 ,

∂

∂µ

(
∂γ∗FD
∂µ

)
ξ2A0

(
3A2

2
√

1+ξµ
)
+8 (1+ξµ)

3
2 +A2 (8+A1+9ξµ)

4 (1 + ξµ)
3
2
(
A1 + ξµ+A2

√
1 + ξµ

)3 .

Evidently, we have

∂γ∗FD
∂µ

< 0 and ∂2γ∗FD
∂µ2 > 0,

which concludes the decreasing monotonicity and convexity, respectively.

The decreasing monotonicity of γ∗FD in µ, revealed in Lemma D.3, indicates the
an upper bound for SINR, i.e.,

γ∗FD < γ∗FD , lim
µ→0

γ∗FD = A0

A1 +A2
.

Given any self-interference coefficient µ > 0, to characterize the difference be-
tween γ∗FD and γ∗FD, we define the ratio of γ∗FD to γ∗FD, i.e.,

κ ,
γ∗FD
γ∗FD

= A1 + ξµ+A2
√

1 + ξµ

A1 +A2
, (12)

and the increasing monotonicity of κ with respect to sum-power constraint ξ is
presented in Proposition D.2.

Proposition D.2. Given channel gain gi on the ith hop and any µ > 0, the
difference metric κ defined in (12) is monotonically increasing with respect to sum-
power constraint ξ.

Proof. Please see Appendix G.2.

Proposition D.2 indicates that, in the presence of imperfect self-interference
cancellation, i.e., µ 6= 0, the performance difference between γ∗FD and γ∗FD, charac-
terized by κ in the format of ratio, gets enlarged when increasing the sum-power
budget. Therefore, FD-AF relaying with a smaller µ needs to be devised especially
when sum-power budget ξ is high, such that all the power can be fully exploited
for further improving the achievable rate.

Based on Lemma D.3, the monotonicity and the convexity of η∗FD with respect
to µ are shown in the following theorem.

Theorem D.2. Achievable rate η∗FD by Proposition C.2 is strictly convex and
monotonically decreasing in self-interference coefficient µ ∈ (0, 1).

Proof. Please see Appendix G.3.
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The convexity and monotonicity revealed in Theorem D.2 indicate the great im-
portance of reducing the self-interference coefficient for FD-AF mm-wave relaying.

Besides, it is revealed that η∗FD = O
(
µ−

1
2

)
in Theorem D.3.

Theorem D.3. Achievable rate η∗FD scales as O
(
µ−

1
2

)
, with respect to µ ∈ (0, 1).

Proof. Based on (11), we have

η∗FD = C

(
A0

A1 + ξµ+A2
√

1 + ξµ

)
< C

(
A0

A1 + ξµ+A2
√
ξµ

)
.

It is worth noting that,√µ > µ can be achieved for µ ∈ (0, 1). Applying Lemma D.2,
we further obtain that

η∗FD <C

(
A0

ξ+A2
√
ξ
· µ−1

)
≤ 1

ln 2

√
A0

ξ+A2
√
ξ
· µ− 1

2 .

Thus, we can conclude that η∗FD = O
(
µ−

1
2

)
.

It can be seen from Theorem D.3 that, the maximum achievable rate of FD-AF
mm-wave relaying acceleratingly increases as reducing the self-interference coeffi-
cient, which is in accordance with the result by Theorem D.2, and again demon-
strates the huge benefit of suppressing the self-interference.

The following proposition gives the condition of µ for FD-AF to outperform
direct transmission or HD-AF relaying.

Proposition D.3. Let χ ≥ 0 be the given maximum achievable rate of direct
transmission or HD-AF relaying. For η∗FD ≤ χ, we have

µ ∈


(0, 1) , Ψχ ≤ 1[

Ψ2
χ − 1
ξ

, 1
)
, 1 < Ψχ <

√
1 + ξ

∅, Ψχ ≥
√

1 + ξ

,

where Ψχ is given as

Ψχ , ξ

√
g1g2

(
1− 1

2χ − 1

)
−
√

(1 + g1ξ) (1 + g2ξ).

Proof. For η∗FD = C (γ∗FD) ≤ χ, we have

γ∗FD = A0

A1 + ξµ+A2
√

1 + ξµ
≤ 2χ − 1.
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Applying the change of variables v =
√

1 + ξµ, it is easy to obtain that

v ≥

√
1 + A0

2χ − 1 −A1 + A2
2

4 −
A2

2

=ξ

√
g1g2

(
1− 1

2χ − 1

)
−
√

(1 + g1ξ) (1 + g2ξ) , Ψχ.

According to the possible values of Ψχ and the condition that 1 < v ≤
√

1 + ξ,
we can solve µ via recovering µ in terms of v, i.e., µ = ξ−1 (v2 − 1

)
, which then

completes the proof of the proposition.

Briefly, given channel gains gi (i = 1, 2) and sum-power constraint ξ, Ψχ char-
acterizes the resulting performance relative to threshold χ. Regarding the range
of Ψχ, critical value 1 characterizes the minimum requirement on channel gains
and sum power for Ψχ to achieve χ (given perfect self-interference cancellation,
i.e., µ → 0), while critical value

√
1 + ξ characterizes the maximum requirement

on channel gains and sum power for Ψχ to achieve χ (assuming no self-interference
cancellation, i.e., µ → 1). Thus, by Proposition D.3, η∗FD is definitely less than χ
if channel gains and sum power for Ψχ cannot meet the minimum requirement,
i.e., Ψχ ≤ 1, while η∗FD definitely exceeds χ if channel gains and sum power for
Ψχ can meet the maximum requirement, i.e., Ψχ ≥

√
1 + ξ. For Ψχ between 1 and√

1 + ξ, η∗FD can achieve the given χ, conditioning on certain feasible set for µ, i.e.,
ξ−1 (Ψ2

χ − 1
)
≤ µ < 1.

E Numerical Results

In this section, the maximum achievable rates of two AF relaying schemes with
mm-wave by Proposition C.1 and C.2, respectively, are demonstrated. Moreover, the
impacts of the beamwidth and the self-interference coefficient are shown. We assume
the used mm-wave radio is perpendicularly polarized (refer to (2)). In addition, we
assume that nodes S, R and D are placed in a line, i.e., L1+L2 = L, and deployed at
with the identical height, i.e., HS = HR = HD = H. Several key system parameters
and corresponding notations are summarized in Table 1.3.

E.1 Performance Comparison
With respect to sum-power constraint ξ, the maximum achievable rates of di-
rect transmission, HD-AF and FD-AF mm-wave relaying systems are provided in
Fig. 1.2. For HD-AF relaying, rate η∗HD by Proposition C.1 and that with fixed
β = 1

2 (refer to (6)) are both provided. It is shown that, compared to the case of
fixed β = 1

2 , a performance gain, i.e., ≈ 5 dB, can be achieved when applying the
optimized time-sharing scheme. For FD-AF relaying, according to Proposition C.2,
the achievable rates with different self-interference coefficients are shown. Evidently,
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Table 1.3: System Settings

Parameter Notation

Wavelength λ = 5× 10−3 m
Sum-Power Constraint ξ

Main-lobe Beamwidth θm

Self-interference Coefficient µ

Deployment Height H = 5 m
Source-Destination Distance L = 200 m

Source-Relay Distance L1

Ground Dielectric Constant ω ≈ 15 [Gol05]
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Figure 1.2: Maximum rates of direct transmission and both AF relaying schemes
under different sum-power constraints, where L1 = 80 m and θm = π

6 .
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varying µ from −70 dB to −110 dB, we find that η∗FD can be significantly improved
when µ reduces. Comparing the cases with different values of µ, it can be seen that,
the self-interference coefficient plays a crucial role in the rate of FD-AF relaying
with mm-wave, particularly when a medium or high sum-power budget is given,
i.e., ξ ≥ 100 dB, while the impacts of the self-interference coefficient are relative
smaller for ξ ≤ 90 dB. To be more precise, taking the performance of HD-AF re-
laying as a benchmark, for ξ ≥ 100 dB, we notice that η∗FD is much less than η∗HD
when µ = −70 dB, while it evidently outperforms the latter when µ = −90 dB or
smaller. However, within the low ξ region, i.e., ξ ≤ 90 dB, it can be seen that, η∗FD
is still inferior to η∗HD even though µ has been reduced to −110 dB. When ξ is lower,
e.g., ξ ≤ 100 dB, direct transmission is inferior to HD-AF but beyond FD-AF with
µ = −70 dB, while it surpasses the relaying counterparts if ξ is sufficiently high, e.g.,
ξ ≥ 130 dB. The findings above indicate that, given high sum-power budget, direct
transmission is the best choice. For relaying schemes, FD-AF relaying with a small
self-interference coefficient should be adopted for scenarios with medium sum-power
budget, while HD-AF relaying is more suitable for scenarios with low sum-power
budget. Intuitively, HD-AF largely benefits from the absence of interference at the
low sum-power region, and FD-AF with a small self-interference coefficient largely
benefits from the full utilization of time slots for transmission at the intermediate
sum-power region. However, once the sum-power is sufficiently high, the severe path
loss from the source to the destination can be completely compensated, such that
direct transmission in mm-wave communications becomes the most efficient option,
instead of using any relaying technique.

E.2 Impacts of Beamwidth

The impacts of beamwidth on the rates of different transmission schemes are shown
in Fig. 1.3, where the direct transmission scheme and both AF relaying schemes
are compared. Clearly, all schemes suffer performance degradation as θm increases,
while the direct transmission encounters the most severe deterioration, and FD-AF
follows. It can be seen that, for both FD-AF and HD-AF relaying schemes, the
rate degrades with θm as O

(
min

{
θ−1
m , θ−2

m

})
, as analyzed in Theorem D.1. In ad-

dition, compared to η∗HD, we notices that η∗FD rapidly decays when θm grows, which
indicates the performance by FD-AF mm-wave relaying is more sensitive to the
variation of beamwidth. The slow decay of η∗HD with respect to θm mainly comes
from the time fractions in fulfilling the two-phase transmission (in contrast to the
full utilization of time duration in η∗FD), which mitigate the impact of the variation
of g1 and/or g2 on the achievable rate. Furthermore, higher achievable rates can be
achieved by FD-AF mm-wave relaying, when a smaller self-interference coefficient
(e.g., µ ≤ −90 dB) and a narrower beamwidth of directional antenna (e.g., θm ≤ π

6 )
are provided. Otherwise, HD-AF mm-wave relaying or direct transmission strategy
should be adopted. We can also see that, given ξ = 100 dB, when applying very
sharp beams, i.e., small θm, direct transmission outperforms the HD-AF relaying.
Note that, narrowing the beamwidth increases the channel gain, which is equivalent
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Figure 1.3: Maximum rates of AF relaying schemes (FD-AF, HD-AF with time-
sharing, and HD-AF with β = 1

2 ) with different beamwidth under a sum-power
constraint ξ = 100 dB are applied, and L1 = 80 m.

to elevating the sum-power budget while keeping the channel gain untouched. In
this sense, the gain by sharpening beams is equivalent to the gain by increasing the
sum-power budget with fixing the channel gains. Recalling that direct transmis-
sion outperforms HD-AF in the high sum-power region (as shown in Fig. 1.2), the
observation that HD-AF is inferior to direct transmission when applying narrower
beams then can be explained. Therefore, the findings above demonstrate that, to
achieve higher rates of FD-AF mm-wave relaying, a careful joint treatment of the
beamwidth and the self-interference coefficient during system designs and imple-
mentations is important. Besides, direct transmission is still a promising candidate
when the antennas are highly directional.

Fig. 1.4 illustrates the contribution of ground reflections in two AF relaying
schemes with mm-wave. For comparison, we take the curves labeled with “1-ray”
as references, which correspond to the conventional modeling method that consid-
ers the LOS path only for mm-wave channels. Evidently, with the specific two-ray
model (labeled with “2-ray”), the rates heavily rely on L1 and L2. More precisely,
given θm, for L1 = 60 m (simultaneously, L2 = L−L1 = 140 m), the achieved rate
is beyond that under the “1-ray” model. However, the rate is remarkably inferior
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Figure 1.4: Contribution of ground reflections to rates with respect to different
beamwidth, where ξ = 100 dB.

to that under the “1-ray” model when L1 = 95 m (simultaneously, L2 = 105 m).
This surprisingly significant performance fluctuation stems from the contribution
of ground reflections. It can be seen from (1) that, the reflection component of the
channel coefficient depends on the incident angle of reflected signal, the radiation
pattern of directional antenna, and the transmission distance. Thus, for L1 = 60 m,
the ground reflections contribute to the channel gain in the constructive manner,
thereby improving the rates of the two-hop mm-wave relaying system, while the
ground reflections for L1 = 95 m adversely affect the rate. In light of above findings,
an important insight for practical applications here is that, when the beamwidth
is not very small, considerable improvement can be achieved via properly deploy-
ing the relay, such that the constructive ground reflections can be fully exploited.
Furthermore, we can see that, when θm decreases, the rate with the two-ray model
converges to that with the “1-ray” model. This observation indicates that, the im-
pacts of ground reflections diminish when highly directional antennas are employed,
and it agrees to Proposition D.1. Hence, from Fig. 1.4, it can be concluded that,
the two-ray model provides a general framework for arbitrary beamwidth, while the
“1-ray” model is only suitable for scenarios with very narrow beams.
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Figure 1.5: Impact of µ on η∗FD, where θm = π
4 and L1 = 100 m.

E.3 Impacts of Self-Interference Cancellation

Fig. 1.5 depicts the impact of the self-interference coefficient on the rate of FD-
AF mm-wave relaying. We find that, η∗FD dramatically drops when increasing µ
from −120 dB to −70 dB. As aforementioned in Theorem D.2, η∗FD with respect
to µ varies in the convex and decreasing manner. Thus, a slight reduction of µ is
capable of providing remarkable performance improvement, and the improvement
accelerates at lower µ and higher ξ, as shown in Fig. 1.5. This finding indicates
the great importance of devising powerful self-interference cancellation techniques
for FD-AF mm-wave relaying, especially when the two-hop AF mm-wave relaying
system is assigned with a higher sum-power budget.

With respect to different sum-power constraints, in Fig. 1.6, we compare the
performance of FD-AF mm-wave relaying in the presence of non-zero µ, and its
upper limit is achieved by assuming µ = 0. Given sum-power constraint ξ, when
µ decreases from −70 dB to −130 dB, it is not surprising that η∗FD gradually
approaches its upper limit η∗FD. We notice that, with any given µ, the rate difference
between η∗FD and η∗FD (vertical performance gap) gets enlarged as ξ grows, which
is in accordance with Proposition D.2. Moreover, in the presence of larger self-
interference coefficients, it is evident that only a smaller ξ is required for η∗FD to
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∣∣
µ=0, where θm =

π
4 and L1 = 100 m.

approach its upper limit η∗FD. This interesting observation can be explained by (11),
since the SINR approaches its upper limit only if the product term µξ is sufficiently
small. Therefore, a much smaller µ will be accordingly required for any given higher
ξ, such that the condition µξ → 0 can be satisfied to make η∗FD approach η∗FD. In
light of the relation between µ and ξ for guaranteeing µξ → 0, an important insight
for mm-wave relay implementation is that, when the given sum-power budget is not
high, it is not necessary to devise strong self-interference cancellation techniques,
since the limiting performance can be easily approached even if µ is not sufficiently
small. Thereby, the implementation cost and complexity of FD-AF relays can be
largely reduced.

F Conclusions

We have studied the achievable rate of the two-hop AF relaying system with mm-
wave, where two relaying schemes, i.e., HD-AF and FD-AF relaying are consid-
ered. With the joint treatment of the two-ray mm-wave channel and Gaussian-type
directional antenna, we have investigated the impact of the beamwidth and the
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self-interference coefficient on the maximum achievable rate. Under a sum-power
constraint, it has been demonstrated that, FD-AF relaying outperforms its HD
counterpart, only when directional antennas with a smaller beamwidth and the AF
relay with a smaller self-interference coefficient are applied. Thus, HD-AF relay-
ing scheme is still a competitive candidate for mm-wave communications whenever
above conditions cannot be satisfied. We also have found that, when the sum-power
budget is sufficiently high or the beam of directional antenna is sufficiently sharp,
the performance of direct transmission is beyond that of two relaying schemes, such
that AF relaying is not necessary for in this case. In addition, it has been demon-
strated that, for both mm-wave relaying schemes, the maximum achievable rate
scales as O

(
min

{
θ−1
m , θ−2

m

})
with respect to beamwidth θm, and scales as O

(
µ−

1
2

)
for FD-AF relaying with respect to self-interference coefficient µ. Furthermore, it
has been revealed that, the ground reflection may significantly affect the perfor-
mance of mm-wave communications, constructively or destructively. Therefore, it
is crucial to incorporate the impacts of ground reflections for analyzing or designing
mm-wave networks with directional antennas.

G Appendices

G.1 Proof of Theorem D.1
By Lemma D.1, it is known that, there exists some positive Ki, such that for all
feasible θm we have

gi ≤ Ki · θ−2
m .

For HD-AF relaying, we know that η∗HD is monotonically increasing with gi. By
Proposition C.1, we obtain that

η∗HD
(a)
< max

0≤β≤1
ξ1,ξ2≥0

βξ1+β̄ξ2=ξ

min {βC (g1ξ1) , (1− β)C (g1ξ1)}

= max
0≤β≤1,ξ1≥0

βξ1≤ξ

min {βC (g1ξ1) , (1− β)C (g1ξ1)}
(b)
≤ max

0≤β≤1,ξ1≥0
βξ1≤ξ

βC (g1ξ1) ,

where (a) applies the fact that

g1g2ξ1ξ2
1 + g1ξ1 + g2ξ2

= g2ξ2
1 + g1ξ1 + g2ξ2

· g1ξ1 < g1ξ1,

and (b) follows from the property that min {a, b} ≤ a for any a, b ∈ R. By Lemma D.2,
it is easy to obtain that

C (g1ξ1) < log2
(
1 +K1ξ1θ

−2
m

)
≤ 1

ln 2 ·min
{
K1ξ1θ

−2
m ,
√
K1ξ1θ

−1
m

}
,
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which subsequently yields

η∗HD < max
0≤β≤1,ξ1≥0

βξ1≤ξ

K1βξ1
ln 2 θ−2

m = K1ξ

ln 2 · θ
−2
m = O

(
θ−2
m

)
.

or

η∗HD < max
0≤β≤1,ξ1≥0

βξ1≤ξ

β
√
K1ξ1

ln 2 θ−1
m ≤

√
K1ξ

ln 2 · θ−1
m = O

(
θ−1
m

)
.

Since O
(
θ−2
m

)
⊂ O

(
θ−1
m

)
as θm ≥ 1, we then have η∗HD = O

(
θ−1
m

)
for all θm > 0,

or η∗HD = O
(
θ−2
m

)
particularly when θm ≥ 1.

Likewise, for FD-AF relaying, we have

η∗FD <C

(
ξK1K2 · θ−2

m

K1 +K2 + 2
√
K1K2 (1 + µξ)

)

≤ 1
ln 2

√
ξK1K2

K1 +K2 + 2
√
K1K2 (1 + µξ)

· θ−1
m = O

(
θ−1
m

)
.

Again, it is easy to see that, η∗FD ∈ O
(
θ−2
m

)
if θm ≥ 1.

G.2 Proof of Proposition D.2
Note that κ can be reformulated as

κ = 1 + ξµ

A1 +A2︸ ︷︷ ︸
,κ1

+
A2
(√

1 + ξµ− 1
)

A1 +A2︸ ︷︷ ︸
,κ2

,

where κ1 and κ2 are exactly shown as

κ1 = ξµ(√
1 + g1ξ +

√
1 + g2ξ

)2
and

κ2 =
2
√

(1 + g1ξ) (1 + g2ξ) ·
(√

1 + ξµ− 1
)(√

1 + g1ξ +
√

1 + g2ξ
)2 .

For the first-order partial derivatives of κ1 and κ2 with respect to ξ, it is easy
to verify that

∂κ1

∂ξ
> 0 and ∂κ2

∂ξ
> 0,
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which naturally yields

∂κ

∂ξ
= ∂κ2

∂ξ
+ ∂κ2

∂ξ
> 0.

Therefore, κ is a monotonically increasing function of ξ, which concludes the propo-
sition.

G.3 Proof of Theorem D.2
For η∗FD, its first-order partial derivative is

∂η∗FD
∂µ

= ∂η∗FD
∂γ∗FD

· ∂γ
∗
FD
∂µ

= 1
(1 + γ∗FD) ln 2 ·

∂γ∗FD
∂µ

.

Likewise, the second-order partial derivative is given by

∂2η∗FD
∂µ2 = ∂

∂µ

(
∂η∗FD
∂γ∗FD

· ∂γ
∗
FD
∂µ

)
= ∂2η∗FD
∂γ∗FD

2 ·
(
∂γ∗FD
dµ

)2
+ ∂η∗FD
∂γ∗FD

· ∂
2γ∗FD
∂µ2

= 1
(1 + γ∗FD) ln 2 ·

∂2γ∗FD
∂µ2 − 1

(1 + γ∗FD)2 ln 2
·
(
∂γ∗FD
∂µ

)2
,

where the chain rule of derivatives for composite functions is applied. With the aid
of derivations in Lemma D.3, it is not difficult to verify that,

∂η∗FD
∂µ

< 0 and ∂2η∗FD
∂µ2 > 0.

Therefore, the decreasing monotonicity and the strict convexity are concluded, re-
spectively.
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Abstract

The abundance of spectrum in the millimeter-wave (mm-wave) bands makes
it an attractive alternative for future wireless communication systems. Such
systems are expected to provide data transmission rates in the order of multi-
gigabits per second in order to satisfy the ever-increasing demand for high rate
data communication. Unfortunately, mm-wave radio is subject to severe path
loss which limits its usability for long-range outdoor communication. In this
work, we propose a multi-hop mm-wave wireless network for outdoor com-
munication where multiple full-duplex buffered relays are used to extend the
communication range, while providing end-to-end performance guarantees to
the traffic traversing the network. We provide a cumulative service process
characterization for the mm-wave propagation channel with self-interference
in terms of the moment generating function (MGF) of its channel capac-
ity. We then use this characterization to compute probabilistic upper bounds
on the overall network performance, i.e., total backlog and end-to-end delay.
Furthermore, we study the effect of self-interference on the network perfor-
mance and propose an optimal power allocation scheme to mitigate its impact
in order to enhance network performance. Finally, we investigate the relation
between relay density and network performance under a sum power constraint.
We show that increasing relay density may have adverse effects on network
performance, unless the self-interference can be kept sufficiently small.

A Introduction

With rapidly increasing demands on network service, wireless communications in
millimeter-wave (mm-wave) bands (ranging from 24.25 GHz to 300 GHz) becomes
a promising technology to improve the network throughput for future communica-
tion systems [RSM+13,XMH+17]. Compared to conventional wireless communica-
tions in lower frequency bands, i.e., sub 6 GHz, mm-wave wireless communications
have significant advantages, including considerably broader bandwidth, lower cost
electronics, and higher gain directional antenna implementations [DH07]. These at-
tributes make mm-wave a promising solution for the wireless backhaul [GQMT07],
since the initial cost of fiber optic backhaul tends to be quite high and the conven-
tional microwave based backhaul networks cannot support the throughput require-
ments of future networks.
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The mm-wave technology can be utilized for both indoor and outdoor com-
munications. A significant amount of experimental results for investigating the
indoor mm-wave wireless personal area networks (WPAN) were reported in re-
cent years [MC06,Smu09,GKZV09,RMIR+14,YDX15]. For outdoor environments,
in [VEDS88], antennas with narrow beamwidth were used to measure the path
loss in urban street environments for the line-of-sight (LOS) and non-line-of-sight
(NLOS) scenarios. In [BDRQL11], a channel sounder was deployed to estimate
the outdoor 60 GHz channel using a 59 GHz horn antenna. Results show that
the path loss exponent for the 60 GHz channel is between 2 and 2.5 for the out-
door environment, such as airport fields, urban streets or tunnels. In the recent
work [ALS+14], the spatial statistical models of mm-wave channels at 28 GHz
and 73 GHz were established based on real-world urban measurements. Also, the
small-scale fading effects were shown to be negligible in mm-wave bands due to the
short wavelength [WAN97, GKZV09]. Hence, the channel fading is dominated by
the shadowing effect, which is generally modeled as a log-normal random variable.

In light of the above, it is clear that, the use of mm-wave bands is limited to
short-distance LOS communications, e.g., usually below 500 meters. To overcome
larger distances or obstructed paths, especially in outdoor applications for high
data rate transmissions, a strategically placed store-and-forward relay node may
be used to form a multi-hop wireless network. Thus, it is our claim that multi-
hop communications can be utilized to mitigate the effects of path loss over long
distances and/or the effect of NLOS, while maintaining the traffic flows’ quality of
service (QoS) requirements. In this case, an understanding of corresponding network
performance in terms of end-to-end delay and loss probability becomes the key to
support real-time missions and critical applications, e.g., online banking, remote
health, transportation systems operation and control, and electric power systems.
Nevertheless, an analytical model for the multi-hop network in mm-wave bands
does not exist, and its performance is not yet understood.

In order to further improve network throughput in the proposed network, we
consider full-duplex relays to enable simultaneous transmission and reception. Al-
though it suffers from self-interference, full-duplex relaying can still enhance the net-
work throughput by applying interference cancellation techniques [DS10,JCK+11,
CJS+10]. Numerous efforts dedicated to the study of full-duplex relaying for mm-
wave applications can be found in [LJT14,MKJ+16,WZS+16a,AH16,DCK16,WZSH16].
Without loss of generality, we use a self-interference coefficient, which is a discount-
ing parameter for the service offered by the channel to characterize the interference
at each relaying transceiver.

In this work, we provide a probabilistic end-to-end delay and total backlog
analysis of such networks in terms of the underlying channel parameters. This
analysis can be used as a guideline for planning and operating QoS-driven multi-hop
mm-wave network. The analysis of multi-hop wireless networks in mm-wave bands
poses two main challenges: (i) the service process characterization for mm-wave
fading channel, and (ii) multi-hop network performance analysis. The first challenge
comes from the random nature of the mm-wave fading channel which results in
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time varying channel capacity, and the second challenge is a direct result of the
limitations and strict assumptions of the traditional queuing theory, which is the
main tool for network analysis, when applied to queuing networks. To address these
two challenges, we adopt a moment generating function (MGF)-based stochastic
network calculus approach [Fid10] for the analysis of networks of tandem queues.
Then the service process, which is a function of the instantaneous channel capacity,
is given in terms of the MGF of the fading channel distribution. This addresses
the first challenge. Furthermore, we utilize network calculus to address the second
challenge by using the service concatenation property.

A.1 Methodologies for Wireless Network Analysis

Network calculus is an effective methodology for network performance analysis.
It was originally proposed by Cruz [Cru91a, Cru91b] in the early 90’s for the
worst-case analysis of deterministic networked systems. Since then, the method-
ology has been extended to probabilistic settings. Following the pioneering works
in [Cha00, CCS01, LBL07] on MGF-based traffic and service characterization, in
order to model traffic and service processes with independent increments and to
utilize independence among multiplexed flows, the MGF-based network calculus
was proposed [Fid10]. Typically, the MGF approach to network calculus employs
a finite-state Markov channel abstraction for the analysis of wireless fading chan-
nels [Fid06a,MRJ11]. It is worth noting that MGF-based approach was used, out-
side the network calculus framework, for the analysis of various fading channels
and relaying channels, e.g., [RLMAG15, TDHA14, AS00, YA12]. In contrast, the
(min,×) network calculus approach, proposed by [AZLB16], provides probabilistic
performance bounds directly in terms of the fading channel parameters. It does
that by transferring the problem from the “bit domain”, where traffic and service
quantities are measured in bits, to the “SNR domain”, where these quantities are
described by their SNR equivalence when measured at the channel capacity limit,
using the exponential function. To apply the (min,×) network calculus to non-
identically distributed multi-hop wireless networks, a recursive formula for delay
bound computation was developed in [PAZKG15].

To evaluate the performance of our specific mm-wave multi-hop wireless net-
work, we model a multi-hop path in the network by a tandem of queues with
service processes that represent the time-varying service offered by the underlying
mm-wave channel. Then we follow an MGF-based network calculus approach to
compute probabilistic bounds on end-to-end delay and total backlog, respectively,
for that network.

A.2 Motivations and Contributions

Although network calculus has been around for some years, its application to wire-
less networks analysis is fairly recent. Furthermore, in the existing related work, the
self-interference factor was not taken into account. In mm-wave communications,
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the large-scale fading, i.e., shadowing effect follows the log-normal distribution. Due
to the unique nature of the mm-wave channel, a service process that characterizes
this channel is important for any performance analysis. To our best knowledge, the
performance guarantees of mm-wave multi-hop wireless networks considering het-
erogeneous self-interfered channels have not yet been investigated before. Coupled
with the importance of mm-wave networks for the next generation mobile com-
munications, it motivates us to investigate the backlog and delay performance, as
well as the constrained sum power budget and QoS trade-off corresponding to the
self-interfered channel.

Based on the motivation and specific challenges above, the main contributions
of this paper are two-fold: (i) contribution to the theory of network calculus that
is represented by a simplified closed-form expression for the network service curve
applicable to both homogeneous and heterogeneous wireless networks, and (ii) con-
tribution to the application by providing a service process characterization for
mm-wave fading channels with self-interference, in terms of the MGF of the fading
distribution. Note that, (i) is a general contribution to stochastic network calculus
for multi-hop networks, while (ii) is a contribution specific to mm-wave communi-
cations. Additional contributions of this work include:

• An optimal power allocation scheme, based on the proposed methodology,
more precisely, for mm-wave multi-hop networks with independent and iden-
tically distributed (i.i.d.) shadowing under end-to-end delay constraint.

• An insight into the impact of self-interference on mm-wave network perfor-
mance. Under optimal power allocation, the end-to-end performance bounds
exponentially degrade with the self-interference coefficient. This suggests that
managing self-interference can be extremely rewarding.

This work builds on our own previous work [YXG+16], where a service characteri-
zation for a single-hop 60 GHz system without self-interference was presented.

The remainder of the paper is organized as follows. In Sec. B, we provide the
basics of MGF-based stochastic network calculus. We construct a model for the
mm-wave multi-hop network and derive its probabilistic backlog and delay bounds
in Sec. C. In Sec. D we propose an optimal power allocation strategy under a
sum power constraint that results in better performance bounds. An asymptotic
performance analysis of the network with self-interference is presented in Sec. E.
Numerical results and simulations are presented in Sec. F, where we discuss the
validity and the effectiveness of our analytic upper bounds, and investigate the
impacts of self-interference coefficient and relay density on network performance.
Conclusions are presented in Sec. G.

B Preliminaries

In this section we mainly provide a brief review of network calculus fundamental
results and the MGF-based stochastic network calculus framework in particular.
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S(s,t)

A(s,t) D(s,t)

B(t)

Figure 1.1: A queuing model for a store-and-forward node.

More details and the proofs for the presented fundamentals results can be found
for example in [Cha94,LBT01,Cha00,Fid06a,JL08].

B.1 Model and Notation
Assuming a fluid-flow, discrete-time queuing system with a buffer of infinite size,
and given a time interval [s, t), 0 ≤ s ≤ t, we define the non-decreasing (in t)
bivariate processes A(s, t), D(s, t) and S(s, t) as the cumulative arrival to, departure
from and service offered by the system as shown in Fig. 1.1. We further assume
that A (s, t), D (s, t) and S (s, t) are stationary non-negative random processes with
A(t, t) = D(t, t) = S(t, t) = 0 for all t ≥ 0. The cumulative arrival and service
processes are given in terms of their instantaneous values during the ith time slot,
ai and si respectively, as follows:

A(s, t) =
t−1∑
i=s

ai and S(s, t) =
t−1∑
i=s

si , (1)

for all 0 ≤ s ≤ t. We assume that time slots are normalized to 1 time unit. We
denote by B(t) the backlog (the amount of buffered data) at time t. Furthermore,
W (t) denotes the virtual delay of the system at time t.

Network calculus is based on (min,+)-algebra, for which in particular the con-
volution and deconvolution are important to obtain bounds on the system per-
formance. More precisely, given the non-decreasing and strictly positive bivariate
processes X(s, t) and Y (s, t), the (min,+) convolution and deconvolution are re-
spectively defined as

(X ⊗ Y )(s, t) , inf
s≤τ≤t

{X(s, τ) + Y (τ, t)}

and
(X � Y )(s, t) , sup

0≤τ≤s
{X(τ, t)− Y (τ, s)}.

B.2 Network Calculus Basics
In network calculus, the queuing system in Fig. 1.1 is analyzed with the arrival
process A(s, t) as input and the departure process D(s, t) as system output. Input
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and output are related to each through the (min,+) convolution of the input with
the service process S(s, t). In particular, we consider in the following time varying
systems known as dynamic servers, for which for all t ≥ 0 the network element
offers a time varying service S (s, t) that satisfies the following input-output in-
equality [Cha00] D(0, t) ≥ (A⊗ S)(0, t), which holds with strict equality when the
system is linear [LBT01]. One typical example is a work-conserving link with a
time-variant capacity, with the available service S(s, t) during interval [s, t).

Based on this server model, the total backlog and end-to-end delay, which are
critical measures in system evaluation, can be studied via network calculus. On
one hand, buffer dimensioning is a major factor to consider when designing and
implementing broadband networks. This is true due to the space restriction and
cost of storage in intermediate network devices, e.g., routers in high data rate
networks. On the other hand, end-to-end delay is closely related to the quality
of service (QoS) and user experience for many networked applications, e.g., voice
and video services. For a given queuing system with cumulative arrival A(0, t) and
departure D(0, t) and for t ≥ 0, the backlog at time t, B(t) is defined as the amount
of traffic remaining in the system by time t. Therefore,

B(t) , A(0, t)−D(0, t) . (2)

Likewise, the virtual delay W (t) is defined as the time it takes the last bit received
by time t to depart the system under a first-come-first-serve (FCFS) scheduling
regime. Hence,

W (t) , inf{w ≥ 0 : A(0, t) ≤ D(0, t+ w)}. (3)

Substituting D(0, t) ≥ (A ⊗ S)(0, t) in the above expressions and after some ma-
nipulation and using definitions of (min,+) convolution and deconvolution, we can
obtain the following bounds on B(t) and W (t) respectively, as

B(t) ≤ (A� S)(t, t) (4)

and
W (t) ≤ inf{w ≥ 0 : (A� S)(t+ w, t) ≤ 0}. (5)

A main attribute of network calculus is its ability to handle concatenated sys-
tems, e.g., multi-hop store-and-forward networks. This is mainly achieved using
the server concatenation theory, which states that a network service process can
be computed as the (min,+) convolution of the individual nodes’ service pro-
cesses [LBT01]. More precisely, given n tandem servers, the network service process
Snet(s, t) is given by

Snet(s, t) = (S1 ⊗ S2 ⊗ · · · ⊗ Sn) (s, t), (6)

where Si(s, t), for any 1 ≤ i ≤ n, represents the service process of the ith server.
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B.3 MGF-based Probabilistic Bounds
Deterministic network calculus [LBT01] can provide worst-case upper bounds on
the backlog and the delay if traffic envelopes (an upper bound on the arrival process)
as well as a service curve (a lower bound on the service process) are considered.
However, when analyzing systems with random input and/or service (like wireless
networks), due to a possibly non-trivial probability for the service increment or
arrival increment to be zero, the worst-case analysis is no longer useful to describe
the performance any more. In such cases, probabilistic performance bounds provide
more useful and realistic description of the system performance than worst-case
analysis. In the probabilistic setting (where the arrival process and/or the service
process are stationary random processes), the backlog and delay bounds defined in
(2) and (3) respectively are reformulated in a stochastic sense as:

Pr
(
B(t) > bε

′
)
≤ ε′ and Pr

(
W (t) > wε

′′
)
≤ ε′′, (7)

where bε
′ and wε

′′ denote the target probabilistic backlog and delay associated
with violation probabilities ε′ and ε′′ respectively. These performance bounds can be
obtained by the distributions of the processes, i.e., in terms of the arrival and service
processes MGFs [Fid10] or their Mellin transforms [AZLB16]. These approaches
constitute what we refer to as stochastic network calculus and they are most suitable
for the analysis of wireless networks.

In general, the MGF-based bounds are obtained by applying Chernoff’s bound,
that is, given a random variable X, we have

Pr (X ≥ x) ≤ e−θxE
[
eθX

]
= e−θxMX(θ),

whenever the expectation exists, where E [Y ] and MY (θ) denote the expectation
and the moment generating function (or the Laplace transform) of Y , respectively,
and θ is an arbitrary non-negative free parameter. Given the stochastic process
X(s, t), t ≥ s, we define the MGF of X for any θ ≥ 0 as [Fid06b]

MX(θ, s, t) , E
[
eθX(s,t)

]
.

Moreover, MX(θ, s, t) , MX(−θ, s, t) = E
[
e−θX(s,t)] is also defined in a similar

way.
A number of properties of MGF-based network calculus are summarized in

[Fid06b]. In this work, we consider a queuing system comprised of a set of tan-
dem queues. Using (6), the MGF of the end-to-end service process, written as
MSnet(θ, s, t), of N tandem queues with service processes Si, i = 1, . . . N , is bounded
by

MSnet(θ, s, t) ,MS1⊗S2⊗···⊗SN (θ, s, t)

=E

[
exp

(
−θ · inf

s≤u1≤···≤uN−1≤t

{
N∑
i=1

Si(ui−1, ui)
})]
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≤
∑

s≤u1≤···≤uN−1≤t

N∏
i=1

MSi(θ, ui−1, ui) , (8)

where u0 = s and uN = t, and (8) is obtained via applying the union bound and
independence assumption [Fid06b].

Let MA (θ, s, t) be the MGF of the arrival process. Assume the arrival and service
processes are independent, and define M(θ, s, t) as

M(θ, s, t) ,
min(s,t)∑
u=0

MA(θ, u, t) ·MSnet(θ, u, s). (9)

Then the probabilistic backlog bound in (7) can be obtained using (4) as follows

Pr
(
B(t) > bε

′
)
≤ Pr

(
(A� Snet)(t, t) > bε

′
)
≤ e−θb

ε′

·M (θ, t, t) , ε′,

where we applied the Chernoff’s bound, the union bound and the independence
assumption of A and Snet. Solving for bε′ yields [Fid06b]

bε
′

= inf
θ>0

{
1
θ

(log M(θ, t, t)− log ε′)
}
. (10)

Similarly, for the probabilistic delay bound in (7), using (5), we have

Pr
(
W (t) > wε

′′
)
≤ Pr

(
(A� Snet)(t+ wε

′′
, t) > 0

)
≤ M

(
θ, t+ wε

′′
, t
)
, ε′′,

where, again we use the Chernoff’s bound, the union bound and the independence
assumption of A and Snet. Solving for wε′′ we get [Fid06b,AZLB16]

wε
′′

= inf
{
w : inf

θ>0
{M(θ, t+ w, t)} ≤ ε′′

}
. (11)

C Performance Analysis of mm-wave Multi-Hop Wireless
Network

C.1 System Model
We consider a multi-hop wireless network in mm-wave bands, as shown in Fig. 1.2,
consisting of a source S, n (n ≥ 1) full-duplex relays Ri, i = 1, 2, . . . , n and a
destination D. For simplifying illustration, we assign the labels 0, 1, . . ., n + 1 to
the ordered nodes. That is, S and D correspond to nodes 0 and (n+1), respectively.
Furthermore, we label the channel between nodes (i − 1) and i as the ith hop in
the set of hops IH, i.e., i ∈ IH = {1, 2, . . . , n + 1}, and the distance between the
two nodes by li (in meter). We denote the channel gain coefficient of the ith hop
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S R1 R2 DRn

μ1 μ2 μn

l1 l2 ln+1

Figure 1.2: A multi-hop wireless network with n full-duplex relays.

by gi. Given the separation distance li, a generalized model of gi (in dB) for the
mm-wave channel is given by [RRE14,RMSS15]

gi[dB] = − (α+ 10β log10(li) + ξi) , (12)

where α and β are the least square fits of floating intercept and slope of the best
fit, and ξi ∼ N (0, v2

i ) corresponds to the log-normal shadowing effect with variance
v2
i . The values of the parameters α and β greatly depend on the environment

configurations. Our service characterization and performance analysis are carried
out in terms of these two parameters in order to incorporate all such configurations.

In addition to the (large scale) fading effect, without loss of generality, the
proposed model also considers the self-interference at each full-duplex relay node.
Compared to self-interference, the interference impact from other neighboring nodes
is small, due to the rapid attenuation of the millimeter waves, and thus it is ignored.
A common approach to model the self-interference is to use a coefficient 0 ≤ µ ≤
1 that characterizes the coupling between the transmitter and the receiver of a
full-duplex device. It has been shown that the self-interference is linearly related
the transmission power [DS10]. In the presence of self-interference, the signal to
interference plus noise ratio (SINR) in the ith hop, denoted by γi, for the described
channel is expressed as

γi =κ · ωi · gi ,

s.t., ωi =


λi−1

1 + µiλi
, i ∈ {1, 2, . . . , n}

λi−1, i = n+ 1
, (13)

where κ is a scalar depending on system configuration, i.e., the antenna gains of
the communication pair, gi is the channel gain coefficient given by (12), λi , Pi

N0
denotes the transmitted signal-to-noise ratio (SNR) at node i corresponding to
transmit power Pi and background noise power N0.

For the multi-hop scenario, we assume the stochastic process of each hop to be
stationary and independent in time. That is, we can use a series of independent
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random variables γi to characterize the multi-hop channels, namely, γ(k)
i

`= γi in
all time slot k, where `= denotes equality in law (i.e., in distribution). The shadow-
ing effect, which is due to objects obstructing the propagation of mm-wave radios,
is considered in the channel gain coefficient model given by (12). Regarding the
stochastic behavior of different links, generally, shadowing is not spatially indepen-
dent. Considering the fact that highly directional antennas are commonly used for
mm-wave communications, it is safe to assume that the obstructions of radio prop-
agation behave independently, which justifies the independence assumption across
hops.

In general, the fading distributions of the subsequent channels in multi-hop
wireless network may not be identical. Nevertheless, it is worthwhile to decompose
the set of hops into subsets of hops with identically distributed channel gains.
More precisely, we decompose the set of hops, IH, into m subsets, Xk, k ∈ IM =
{1, . . . ,m}, where, IH =

⋃m
k=1 Xk, with Xi

⋂
Xj = ∅ for all i, j ∈ IM such that

i 6= j, where Xk is defined as the set of indices such that

Xk = {j ∈ IH, k ∈ IM : Fγj (x)=F 〈k〉(x)}, (14)

where FX(x) is the probability distribution function of the random variable X,
F 〈k〉(x) represents a unique distribution function corresponding to the subset of
i.i.d. hops denoted by the index k ∈ IM. We emphasize that |IH| ≥ |IM|, where |Y|
represents the cardinality of the set Y, and the equality is attained when the multi-
hop network is fully heterogeneous. In such extreme case, each subset Xk contains
only one element, i.e., the channel at each hop has a distinct fading distribution.

To address the transmit power allocation problem for the multi-hop network,
we consider a system with sum power Ptot constraint, i.e.,

∑n
i=0 Pi = Ptot. Equiv-

alently, given a constant background noise power N0 for all hops, the sum power
constraint can be reformulated as

n∑
i=0

λi = λtot ,
Ptot

N0
. (15)

C.2 MGF Bound for the Cumulative Service Process
The performance bounds given by (10) and (11) require the computation of MGFs
of arrival and service processes. For the arrival process, we consider in this work the
(σ(θ), ρ(θ)) traffic characterization introduced by [Cha94,Cha00], where the MGF
of arrival processes, MA (θ, s, t), is upper bounded by

MA(θ, s, t) ≤ eθ(ρ(θ)(t−s)+σ(θ)) , eθσ(θ) (pa(θ))t−s , (16)

for any θ > 0, where pa(θ) = eθρ(θ). This class of arrival processes includes a
variety of traffic models, e.g., the exponentially bounded burstiness (EBB), effective
bandwidth arrival characterization and deterministically bounded arrivals.
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Regarding the service process, we present in the following a series of results that
apply to a Shannon-capacity type service process. Given a channel SINR γ, in this
model the service process (in bit per second) of the channel is given by

C(γ) = η ln(1 + γ),

where η = W
ln 2 with channel bandwidth W . By (1), the cumulative service process

for hop i, Si(s, t), is given by

Si(s, t) =
t−1∑
k=s

C(γi(k)) = η

t−1∑
k=s

ln (1 + γi(k)) , (17)

where γi(k) is the instantaneous SINR in the kth time slot for the ith hop given in
terms of gi in (12) and ωi in (13).

However, associated with the specific fading characteristic of mm-wave channels,
an exact expression for the MGF of this Shannon-type cumulative service process
in (17) is intractable, since the shifted log-normal random variable, i.e., (1 + γi (k)),
has no closed-form inverse moment. Instead, in the following lemma, we present an
upper bound on the MGF of such Shannon-type service processes Si(s, t).

Lemma C.1. Let FX(x) denote the cumulative distribution function (c.d.f.) of a
non-negative random variable X, for any δ > 0 and θ ≥ 0 we have

E
[
(1 +X)−θ

]
≤ Uδ,X(θ),

where

Uδ,X(θ) = min
u≥0

(1 + δNδ(u))−θ +
Nδ(u)∑
i=1

aθ,δ(i)FX(iδ)

 ,

where Nδ(u) and aθ,δ(i) are respectively given by Nδ(u) = buδ c and aθ,δ(i) =
(1 + (i− 1)δ)−θ − (1 + iδ)−θ.

For the proof of Lemma C.1, please refer to [YXG+16]. Note that the tightness
of the bound obtained in Lemma C.1 depends on the parameter δ, the discretization
step size. Technically, a smaller step size yields a tighter upper bound while leading
to higher computational costs.

Based on Lemma C.1, a bound on the MGF of the service process for any
single-server wireless system with service process increments given by the Shannon
capacity is given:

Theorem C.1. Given S(s, t) = η
∑t−1
k=s ln (1 + γ(k)) with independent positive

γ(k), an upper bound on MS(θ, s, t) is given by

MS(θ, s, t) ≤
t−1∏
k=s

q(−θ, k),
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where q(−θ, k) , Uδ,γ(k) (ηθ). Furthermore, if γ(k) `= γ holds for all k, then
q(−θ, k) = q(−θ) and the above expression reduces to MS(θ, s, t) ≤ (q(−θ))t−s.

Proof. Starting from the definition of MS(θ, s, t) and using the independence as-
sumption of γ(k) in k, we have

MS(θ, s, t) =E [exp (−θ · S(s, t))]

=E

[
t−1∏
k=s

exp (−θη ln(1 + γ(k)))
]

=
t−1∏
k=s

E
[
(1 + γ(k))−θη

]
.

Applying Lemma C.1 to the right hand side of the expression above, Theorem
C.1 immediately follows.

Next, we provide a MGF bound on the network service for multi-hop wireless
networks with heterogeneous, independent Shannon-type service processes per link.
The channel categorization, shown in (14), is used for expression simplifications.

Theorem C.2. The network service process Snet(s, t) of a multi-hop wireless net-
work consisting of n relays and characterized by the decomposable set of hops
IH =

⋃m
i=1 Xi following (14), where the subset Xi is associated with the randomly

varying SINR γ̂i and has a Shannon-type service process increment ln (1 + γ), has
the following MGF bound

MSnet(θ, s, t) ≤
∑

m∑
i=1

πi=t−s

m∏
i=1

(
πi + |Xi| − 1
|Xi| − 1

)
q̂πii (−θ), (18)

where q̂i(−θ) , Uδ,γ̂i(ηθ) for all i ∈ IM.

Proof. Using equation (6) and (8), we can bound the MGF for the n + 1 hops
network service process by

MSnet(θ, s, t)≤
∑

s=τ1≤···≤τn+1=t

n+1∏
i=1

MSi(θ, τi−1, τi)

≤
∑∑n+1

i=1
τi=t−s

qτ11 (−θ)qτ22 (−θ) · · · qτn+1
n+1 (−θ)

=
∑∑m

i=1
πi=t−s

m∏
i=1

q̂πii (−θ)
∑∑

k∈Xi
τk=πi

1

where the first inequality is obtained by using (8), and the second inequality is
obtained by using the change of variables τi = τi − τi−1 and the stationarity of
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the service processes, i.e., MSi(θ, τi−1, τi) = MSi(θ, 0, τi − τi−1), then applying
Theorem C.1. The equality in the last line is obtained by aggregating similar terms,
i.e., πi =

∑
k∈Xi τk. Applying the combinations of multi-sets theory [Bru92], it is

known that ∑∑
k∈Xi

τk=πi

1 =
(
πi + |Xi| − 1
|Xi| − 1

)
,

where |Xi| denotes the cardinality of Xi, and then the theorem is concluded.

We emphasize that, all results presented so far apply to general cases of distri-
butions of link SINR γ. Thus, the results have wide applicability to wireless (and
wired) network analysis, as long as Shannon-type service processes are assumed.

C.3 Probabilistic Performance Bounds
The general probabilistic total backlog and end-to-end delay bounds for a multi-hop
wireless network are given by (10) and (11), respectively. Both bounds are given in
terms of M(θ, s, t) in (9). Theorem C.3 provides an upper bound on the function
M(θ, s, t), and hence, probabilistic performance bounds for multi-hop wireless net-
works, when the arrival is characterized by (16) and the network service is provided
by Theorem C.2.

Let us first define Kτ,n,m (x) as

Kτ,n,m (x) , xτ ·
(
n+ 1−m+ τ

n+ 1−m

)
· 2F1 (1, n+ 2−m+ τ ; τ + 1;x) ,

where the Generalized Hypergeometric Function pFq (a; b;x), with vectors a =
[a1, . . . , ap] and b = [b1, . . . , bq], is given as

pFq (a; b;x) ,
∞∑
k=0

(∏p
i=1 (ai)k∏q
j=1 (bj)k

)
· x

k

k! ,

and (ai)k and (bi)k are Pochhammer symbols.

Theorem C.3. Let m be the number of subsets of identically distributed channels,
τ , max(s− t, 0), and Vi (θ) , pa(θ)q̂i(−θ), a upper bound for M(θ, s, t), θ > 0, for
the (n+ 1)-hop wireless network is given by

M(θ, s, t) ≤ eθσ(θ)

ps−ta (θ)

m∑
i=1

ψi(θ)V m−1
i (θ)Kτ,n,m (Vi (θ)) ,

whenever the stability condition, max
i∈IM

{Vi(θ)} < 1, is satisfied. Here, ψi (θ) for all
i ∈ {1, . . . ,m} is defined as

ψi (θ) ,


∏
j 6=i

(Vi(θ)− Vj(θ))−1
, m ≥ 2

1, m = 1
. (19)
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Proof. Please see Appendix H.1.

The stability condition in Theorem C.3 can be reasoned as follows. If we take the
log of both sides of the expression, the condition can be stated as, “the difference
between log MGF of the arrival and that of the service is less than 0,” i.e., for a given
QoS measure θ, the effective capacity must exceed the effective bandwidth, for the
same θ, for the system to be stable. This intuitive result was hinted in [Cha00, Ch. 7].

Clearly, the expression provided by Theorem C.3 depends on the generalized
hypergeometric function, which is computational costly. In what follows, we provide
a looser but more simplified upper bound on M (θ, s, t) in the homogeneous case
specifically, i.e., m = 1. For that, we first need the following lemma regarding the
upper bound on Kτ,n,1 (x).

Lemma C.2. For non-negative integers n and τ , the inequality

Kτ,n,1 (x) ≤ Gτ,n(x) , min {G1(x),G2(x)}

holds for 0 ≤ x < 1, where G1(x) and G2(x) are respectively given by

G1(x) =
min

(
1, xτ

(
n+τ
n

))
(1− x)n+1

and
G2(x) = 1

(1− x)n+1 −
(
n+ τ

n+ 1

)
xτ−1.

Proof. Please see Appendix H.2.

The lemma above allows us to use a simpler expression, which is shown in the
following theorem, to describe the upper bound (compared to Theorem C.3) on
M (θ, s, t) for homogeneous networks in particular.

Theorem C.4. For homogeneous (n+ 1)-hop wireless networks characterized by
the MGF service bound q̂(θ), and for any θ > 0, given pa (θ) we have

M(θ, s, t) ≤ eθσ(θ)

ps−ta (θ)
· Gτ,n (pa(θ)q̂(−θ)) ,

where τ , max(s− t, 0), whenever the stability condition, pa(θ)q̂(−θ) < 1, holds.

Proof. Applying Lemma C.2 in (34) whenever 0 ≤ pa(θ)q̂(−θ) < 1, then Theo-
rem C.4 follows.

Inserting the results from Theorem C.3 (or Theorem C.4 for merely homoge-
neous cases), in (10) and (11), we obtain the desired probabilistic bounds on backlog
bε and delay wε in the network, respectively.
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D Power Allocation for Multi-Hop Networks

In this section, we study the optimal power allocation under a sum power constraint
for a mm-wave multi-hop network1, applying the results presented in the previous
section regarding the MGF-based network calculus. Here, more precisely, we are in-
terested in finding the optimal transmit power allocation of multi-hop network with
independent and identically distributed shadowing per hop, ξi, ∀i ∈ IH, assuming
that ξi is stationary. In particular, we limit our study to the case of homogeneous
log-normally distributed shadowing over all links, i.e. we set ξi

`= ξ ∼ N (0, v2) for
all hops i ∈ IH. The case with non-identical shadowing is more involved and is left
for future work.

From (10) and (11), it is clearly shown that, probabilistic bounds on the total
network backlog and end-to-end delay performance are determined in terms of the
function M(θ, s, t) defined in (9). This implies that the performance optimization,
e.g., with respect to transmit power allocation, of a multi-hop network is equivalent
to optimizing the function M(θ, s, t), which, with a given arrival process MA, is
equivalent to optimizing MSnet . Therefore, in what follows, the optimization subject
is the MGF for the network service process, i.e., MSnet . Since an exact expression
for the MGF of network service process is not attainable, we opt for optimizing a
bound on MSnet , given by (8), instead. A power allocation that elevates the lower
bound on network service process corresponds to lower MSnet and thus reduces the
probabilistic bounds on network performance.

Theorem C.2 provides an upper bound on MSnet(θ, s, t) and hence a lower bound
on the network service process. Therefore, in order to maximize the lower bound
on the service process, we must minimize the upper bound on MSnet(θ, s, t). The
function MSnet(θ, s, t) is related to the power allocation vector P ∈ Rn+1

+ . From (8)
we have

MSnet(θ, s, t) ≤
∑∑n+1

i=1
πi=t−s

n+1∏
i=1

(
E
[
(1 + γi)−θη

])πi
, (20)

where the per node SINR, γi, ∀i ∈ IH, is given by (17) and is in turn related
to the allocated transmit power for the corresponding node. Let Ξn ⊂ Rn+1

+ be
the set of feasible power allocation schemes with respect to n intermediate nodes.
Furthermore, the sum of all allocated power should be constrained by the total
power budget, i.e.,

PΣ ,
∑
i∈IH

Pi ≤ Ptot,

where Ptot is the total power budget. For any power allocation P , {Pi}i∈IH ∈ Ξn,
we define P as a feasible power allocation scheme if the power constraint above is

1Our power allocation scheme applies to, for example, a multi-hop network that is managed by
a centric controller for global power assignment, while having no (or very weak) power constraints
on all transmitting nodes. More examples on power allocations for multi-hop wireless networks
under sum power constraint can be found in [Ron11,HDL11].
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satisfied.
To determine the optimal power allocation strategy, we need the following two

lemmas first. To be more precise, in Lemma D.1 below, we show that, given a feasible
power allocation, the maximal network service process (equivalently, the minimal
MSnet) is achieved only when the SINRs for all hops are identically distributed.
Next, in Lemma D.2 we show the existence and uniqueness of the optimal power
allocation vector P∗ when PΣ = Ptot.

Lemma D.1 (Sufficiency). Given the sum transmit power budget Ptot for a (n+ 1)-
hop wireless network, a feasible power allocation P∗, where PΣ = Ptot, that results
in identically distributed SINR over all hops maximizes the lower bound on network
service process whenever such P∗ exists.

Proof. Please see Appendix H.3.

Lemma D.1 shows that the key enabler of optimal multi-hop network operation
is the maintenance of identically distributed channels’ SINR across all hops. Note
that this result applies to arbitrary networks where the service process is char-
acterized by a Shannon-type link model, as long as the individual links are not
coupled in terms of interference (only self-interference is considered). In contrast,
in what follows we present an approach for allocating transmit power2 to achieve
identically distributed SINR in a mm-wave multi-hop network. Given a background
noise power of N0, we define λi = Pi

N0
. Due to the one-to-one correspondence of λi

and Pi and for convenience we opt to work with λi for the derivations that follows.
For γi, i ∈ IH, we use

γi = κ · 10−0.1αωil
−β
i · 10−0.1ξi

to rewrite (13). Note that the shadowing effects are assumed to be homogeneous
and log-normally distributed over all hops, i.e., ξi ∼ N (0, v2), where the log-normal
shadowing variance v2 is independent of the transmit power, since ωil−βi depends on
the power allocated to transmitter i, then a power allocation scheme that enables
the equality ωil

−β
i = ωj l

−β
j for any i, j ∈ IH is sufficient to ensure identically

distributed SINR γi,∀i.
We follow an iterative approach starting from the last hop of the network, i.e.,

the (n+ 1)th hop, and moving backwards. Assume that ωil−βi = c holds for any
i ∈ IH, where c is a constant. Let i = n+ 1, then according to (13), ωn+1 = λn and
therefore, λn = c · lβn+1. Similarly, for i = n, we obtain

λn−1 = (1 + µnλn) · c · lβn = c · lβn + c2µn (lnln+1)β .

2The power is assumed to be infinitely divisible during the power allocation.
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Then by recursively applying λi−1 = (1 + µiλi) ·c · lβi , for all i ∈ IH, and after some
manipulation we obtain

λi =
n−i+1∑
k=1

ck

(
µ−1
i+k

k∏
u=1

µi+u · lβi+u

)
,
n−i+1∑
k=1

νi,k · ck (21)

for all 0 ≤ i ≤ n.
With the constraint PΣ ≤ Ptot, which corresponds to

λΣ ,
PΣ

N0
≤ Ptot

N0
, λtot,

we can obtain the value of c using Lemma D.1 and by solving the equation λΣ = λtot
subject to

λΣ =
n∑
i=0

(
n−i+1∑
k=1

νi,kc
k

)
=
n+1∑
k=1

(
n+1−k∑
i=0

νi,k

)
· ck, (22)

where the last equality is obtained by collecting terms containing ck for 1 ≤ k ≤
n+ 1. Then γ̂ can be expressed as

γ̂ = κ · 10−0.1(α+ξ) · c. (23)

Lemma D.2 (Existence). Given a (n + 1)-hop wireless network operating under
transmit power budget Ptot, there always exists a unique optimal power allocation
P∗ such that PΣ = Ptot, among all feasible P ∈ Ξn in terms of maximizing a lower
bound on network service process.

Proof. Please see Appendix H.4.

Lemma D.1 shows that, allocating power in such a way that it results in i.i.d.
SINRs across the hops is optimal, while Lemma D.2 states that utilizing all the
available power for transmission is optimal since it provides the best network per-
formance. The intuition behind these results is that, avoiding bottleneck is the
best strategy, while utilizing more power for transmission enhances network per-
formance. Furthermore, Lemma D.1 and Lemma D.2 provide the minimization on
the MGF bound of the service process rather than minimizing the actual process.
Nevertheless, such minimization results in maximizing the lower bound on network
service which in turn enables the computation of better network backlog and end-to-
end delay bounds and more efficient resource allocation and network dimensioning
when based on the computed results. In light of the above, we have the following
theorem to show the exact power allocations.

Theorem D.1. Given the total power budget Ptot, i.e., PΣ ≤ Ptot, and the back-
ground noise power N0, for the mm-wave channel described in (12), and let x∗
denote the positive solution for the algebraic equation

n+1∑
k=1

(
n+1−k∑
i=0

νi,k

)
xk = Ptot

N0
,
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with νi,k given by

νi,k = µ−1
i+k ·

k∏
u=1

µi+u · lβi+u,

where µi and li are the model parameters defined in Sec. C, then, there exists a
unique optimal power allocation strategy P∗ ∈ Ξn, such that

P ∗i = N0

n−i+1∑
k=1

νi,k · (x∗)k , for i ∈ IH .

Proof. Using Lemmas D.1 and D.2, the theorem immediately follows by applying
the mapping between the transmit power and the SINR, i.e., Ptot = λtotN0 and
Pi = λiN0.

E Self-interference Impact in mm-wave Networks

To investigate the impact of self-interference on network performance, we consider a
particular case, where the separation distances between adjacent nodes are assumed
to be equal to l, e.g., li = l for ∀i ∈ IH, and all relays have an identical self-
interference coefficient µ. Closed-form expressions for the network performance can
be obtained under these assumptions which provide more insights to the network
operation.

In the following analysis, we assume that the optimal power allocation scheme
proposed in Theorem D.1 is used. Under this power allocation, we have c = ωil

−β
i

for ∀i ∈ IH. Note that c in this case is a measure of the SINR of channels, and
hence it directly influences the network performance. (13) shows that, the parameter
ωi, and therefore the function c, are functions of µ. Therefore, in this section we
represent this measure by the function c (µ) = ωi(µ)l−βi . Applying (22) under the
proposed power allocation scheme as well as the conditions PΣ = Ptot and µi = µ,
the optimal λi in (21), denoted by λ∗i , reduces to

λ∗i =µ−1
n−i+1∑
k=1

(
c (µ)µlβ

)k

=


c (µ) lβ ·

(
c (µ)µlβ

)n−i+1 − 1
c (µ)µlβ − 1 , if c (µ)µlβ 6= 1

2λtot(n− i+ 1)
(n+ 1)(n+ 2) , otherwise.

(24)

In the above, we used the geometric sum to obtain the first case. It is easy
to find that, the case c (µ)µlβ = 1 corresponds to a particular situation for the
self-interference coefficient µ, i.e., µ = (2λtot)−1 (n+ 1) (n+ 2), which immediately
gives the optimal c (µ) as c (µ) = 2λtot

[
(n+ 1) (n+ 2) lβ

]
by applying c (µ) =
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(
µlβ
)−1. It is worth noting that, c (µ)µlβ = 1 here corresponds to a very special

case that rarely occurs in realistic scenarios, since µ, which is only related to the
relay implementation, is independent from λtot and n. In this sense, for most cases
µ = (2λtot)−1 (n+ 1) (n+ 2) is not satisfied. Therefore, from the perspective of
generality, our interest mainly focuses on the case c (µ)µlβ 6= 1.

According to the assumption of optimal power allocation that gives PΣ = Ptot
according to Lemma D.2, we have

λtot =
n∑
i=0

λ∗i = c(µ)lβ
c(µ)µlβ − 1

n∑
i=0

((
c (µ)µlβ

)n−i+1 − 1
)

= c(µ)lβ
c(µ)µlβ−1

(
c (µ)µlβ

(
c (µ)µlβ

)n+1 − 1
c (µ)µlβ − 1 −n−1

)
, (25)

where we used the change of variables j = n− i+ 1 and then applied the geometric
sum formula in the last step.

For notational simplicity, we set t = c(µ)µlβ with t 6= 1, then (25) can be written
as

µλtot = t

t− 1

(
t · t

n+1 − 1
t− 1 − (n+ 1)

)
,

which subsequently yields

tn+3 − (n+ 2 + µλtot) t2 + (n+ 1 + 2µλtot) t = µλtot. (26)

Recovering t to c(µ)µlβ and dividing both sides of (26) by µ, in terms of c(µ),
we immediately obtain

a1(µ)cn+3 (µ) + a2(µ)c2 (µ) + a3(µ)c (µ)− λtot = 0, (27)

where ai(µ), i = 1, 2, 3 are respectively given by
a1(µ) = µn+2l(n+3)β ,

a2(µ) = −(n+ 2 + µλtot)µl2β ,
a3(µ) = (n+ 1 + 2µλtot)lβ .

To this end, the Descartes’ Sign Rule [AJS98] can be applied to determine
the number of positive roots of (27). The rule states that, when the terms in a
polynomial are ordered according to their variable exponent, then the number of
positive real roots of that polynomial is either the number of sign changes, say n,
between consecutive non-zero coefficients, or is less than that by an even number,
i.e., n, n− 2, n− 4, . . . . Clearly, (27) has one or three real positive root(s), if there
exist real positive solutions. In addition, we can see that, there are two repeated
positive roots c1 (µ) = c2 (µ) =

(
µlβ
)−1. By excluding two repeated roots that

violate the condition c (µ)µlβ 6= 1, we are left with one unique positive solution
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c (µ) 6=
(
µlβ
)−1 for (27), under optimal power allocation, which coincides with the

claim in Lemma D.2.
For the arbitrary positive integer n, there is no explicit generic analytical solu-

tion of (27) for c (µ). Hence, in order to keep track of c(µ) with respect to µ, we
compute the first derivative over µ on both sides of (27), then we have

0 =a′1(µ)cn+3(µ) + (n+ 3) a1(µ)cn+2(µ)c′(µ)
+ a′2(µ)c2(µ) + 2a2(µ)c(µ)c′(µ)
+ a′3(µ)c(µ) + a3(µ)c′(µ),

which gives

c′ (µ)=− a′1(µ)cn+3 (µ) + a′2(µ)c2 (µ) + a′3(µ)c (µ)
(n+ 3)a1(µ)cn+2 (µ)+2a2(µ)c (µ)+a3(µ) . (28)

The asymptotic behaviors of c(µ) in the two cases, i.e., when µ→ 0 and n→∞,
respectively, are of particular interest, which will be investigated in what follows.

1) For µ → 0: Note that c (µ) is bounded by λtot
(n+1)lβ , since

∑n+1
1 c(µ)lβ =∑n+1

1 ωi ≤
∑n
i=0 λi = λtot. Then, (28) can be expressed by

lim
µ→0

c′ (µ) = (n+ 2)l2βc2 (µ)− 2λtotl
βc (µ)

(n+ 1)lβ ≤ 0.

In the sense of asymptote, we obtain

c(µ) = 2λtotl
−β

n
(

1 + exp
(

2λtotµ
n+1

))
+ 2

, (29)

by applying the initial condition c(0) = λtot
(n+1)lβ .

2) For n → ∞: Defining D , µλtot and t (µ) , c (µ)µlβ , the derivative (28)
can be written as

c′ (µ) = −c (µ)
µ

(
n2 + (D + 3)n+ 2

)
t (µ)− (n+ 2)D

(n2 + (D + 3)n+ 2 +D) t (µ)− (n+ 3)D. (30)

Evidently, when λtot is fixed, n → ∞ yields n−1D → 0. Dividing the numerator
and denominator of (30) by n2, we then have

lim
n→∞

c′(µ) = −c (µ)
µ

,

which immediately yields
c(µ) = Kµ−1, (31)

where K > 0 is a constant scalar.
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Following the notation in (23), we denote by γ̂∗(µ) the SINR with respect to the
optimal power allocation proposed by Theorem D.1 as a function of self-interference
coefficient µ. Regarding the two asymptotic cases above, we have the following
theorem and corollaries to address the relationship between network service process
under optimal power allocation and the self-interference coefficient.

Theorem E.1. Assuming the optimal power allocation in Theorem D.1, in the
two extreme cases discussed above, the maximized lower bound of network service
process decreases as µ grows.

Proof. Recalling that the lower bound of network service processes is characterized
by E

[
(1 + γ̂∗(µ))−θη

]
, we can see that

d

dµ
E
[
(1 + γ̂∗(µ))−θη

]
= d

dc(µ)E
[
(1 + γ̂∗(µ))−θη

]
c′(µ)

=− θη · E
[

κ10−0.1(α+ξ)(
1 + κc(µ)10−0.1(α+ξ)

)1+θη

]
· c′(µ)

=− θη · E
[

γ̂∗(µ)
(1 + γ̂∗ (µ))1+θη

]
· c
′(µ)
c(µ) > 0,

since it has been shown that c′(µ) < 0 for asymptotic situations, e.g., when µ→ 0,
which corresponds to case that µ is extremely small, or n→∞, which corresponds
to the case that n is sufficiently large. This indicates E

[
(1 + γ̂∗(µ))−θη

]
monotoni-

cally increases with µ, which equivalently shows the degradation of the maximized
lower bound of network service process. Thus, the theorem is concluded.

F Numerical Results and Discussion

In this section, we provide numerical results for the probabilistic bounds on total
backlog and end-to-end delay performance for mm-wave multi-hop wireless network
discussed in Sec. C, and validate them by simulations. Moreover, in the presence of
self-interference, the performance of optimal power allocation presented in Sec. D
and E is demonstrated and further discussed.

Here, in particular, the 60 GHz band (ranging from 57 GHz to 64 GHz) is se-
lected for our mm-wave multi-hop network, and the common system parameters,
including the parameters specifically associated with 60 GHz channels, are sum-
marized in Table 1.4. In addition, we assume the following regarding the network
configuration:

• We assume deterministically bounded arrival process3 with constant param-
eters σ(θ) = 0 and ρ(θ) = ρa;

3We opt to use deterministic arrival bound to highlight the effect of the mm-wave channel
variability on the queuing performance of the network.
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Table 1.4: System Parameters

Parameters Symbol Value

Bandwidth W 500 MHz
Antenna Gain Scalar κ 70 dBi

Power Budget Ptot 50 Watt
Noise Power Density N0/W −114 dBm/MHz

Hop Length l 0.5 km
Path Loss Intercept α 70

Path Loss Slope β 2.45
STD of Shadowing v 8 dB

• All relays have identical µ, and are uniformly deployed along the path from
source to destination;

• Sufficiently large (or infinite) buffer size at each relay, i.e., overflow effects are
neglected;

• A time-slotted system with time intervals of 1 second are assumed.

Under this scenario, we investigate the following:

1. We first validate the derived upper bounds for probabilistic end-to-end delay
and total backlog from Theorem C.3.

2. Secondly, based on the validated bounds, we investigate the impact of opti-
mal power allocation, self-interference and relay density on the probabilistic
performance guarantees of mm-wave multi-hop networks.

For the sake of simplicity, in what follows the analytic bounds for homogeneous
scenarios are all illustrated by Theorem C.4, while heterogeneous counterparts are
provided by applying Theorem C.3.

F.1 Bound Validation
We start with considering a tandem 60 GHz network consisting of n = 10 relays
that have identical self-interference coefficient µ = −80 dB. From Table 1.4 and the
power constraint formulated in the form of (15), we determine λtot = 134 dB. Figs.
1.3 and 1.4 show the total backlog and the end-to-end delay bounds respectively,
compared to their corresponding simulated values. Recall that the SINR distribu-
tions are identical per hop due to applying the optimal power allocation policy from
Theorem D.1, resulting in m = 1 of Theorem C.3.
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Figure 1.3: Violation probability ε vs. targeted theoretical backlog bounds bε, com-
pared to simulations for different ρa = 1, 1.5 and 2 Gbps, with n = 10, and δ = 10−2

and δ → 0, respectively.

In Fig. 1.3, we validate the backlog bound using simulation for different arrival
rates, 1 Gbps, 1.5 Gbps and 2 Gbps. In all cases we notice that the bound accurately
predicts the slope of the simulation curve. Furthermore, the gap between the bound
and the simulated backlog diminishes asymptotically. The plot furthermore contains
the information on the accuracy of bound provided by Lemma C.1, as we compare
in the plot the corresponding analytical bounds for a step size of δ = 10−2 as well
as for letting δ → 0. We observe that the two curves are quite close together, which
confirms also our findings in [YXG+16], that the MGF bound provided by Lemma
C.1 is close to the true MGF of the service process for reasonably small δ. As the
system utilization becomes higher (i.e., when the arrival rate ρa = 2 Gbps), Fig.
1.3 shows that smaller step size δ is required.

Fig. 1.4 depicts the delay violation probability ε (bound and simulated) versus
the end-to-end delay wε. We notice trends similar to those observed in Fig. 1.3. We
also noticed that the bound becomes less tight as the system utilization increases,
e.g., the case when ρa = 2 Gbps.

From the two figures above, we note that the simulated system performance and
our computed performance bounds have the same slopes asymptotically, thereby
concluding our validations for the derived bounds.
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Figure 1.4: Violation probability ε vs. targeted theoretical delay bounds wε, com-
pared to simulations for different ρa = 1, 1.5 and 2 Gbps, with n = 10, and δ = 10−2

and δ → 0, respectively.

F.2 Impact of Optimal Power Allocation

Fig. 1.5 demonstrates the merit of adopting the optimal power allocation, with
respect to its impact on the end-to-end delay. We consider a network that consists
of n = 10 relays, the self-interference coefficient is µ = −80 dB, and the arrival
rate is fixed to ρa = 1 Gbps. We use a uniformly allocated powers {Pi}ni=0 = 50

11W
as a baseline for comparison. From the figure, it is evident that, the upper bound
associated with the optimal power allocation (referring to Theorem C.4 for the
homogeneous case) is asymptotically tight, while its counterpart (here applying the
result for m ≥ 2 in Theorem C.3, since the non-optimal power allocation yields the
heterogeneity) is not. The slackness of bounds for the heterogeneous scenario comes
from producing the binomial coefficient of (33) in Theorem C.3, where the upper
bound is generalized in a simplified and unified manner. In other words, compared
to the recursive approach by [PAZKG15], the tightness of our proposed method is
sacrificed for gaining a lower computational complexity for the heterogeneous cases.
Fortunately, the asymptotic tightness can be guaranteed for both homogeneous and
heterogeneous scenarios, and this allows us to keep track of realistic performance
behaviors. Furthermore, under a sum power constraint, we can see that, the network
performance without the optimal power allocation suffers severe degradation, in
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Figure 1.5: Violation probability ε vs. targeted theoretical delay bounds wε, com-
pared to simulations for two power allocation strategies, with µ = −80 dB, n = 10,
ρa = 1 Gbps and δ = 10−2.

terms of the end-to-end delay, and the deterioration similarly happens to the derived
bound.

Given different self-interference coefficients, i.e., µ = −100 dB, −90 dB and −80
dB, in Fig. 1.6, we furthermore investigate the impact of self-interference on the net-
work performance bound through the optimal power allocation. It is evident that,
the improvement of bound performance by applying the optimal power allocation
is significantly exacerbated as µ grows, which can be found through comparing,
for example, the gap between optimal and uniform power allocations schemes with
µ = −80 dB and that with µ = −100 dB, for any given violation probability ε.
Despite the slackness of upper bound for the heterogeneous case (see curves with
the uniform power allocation in Fig. 1.5), we are still able to conclude that the
optimal power allocation is more important in case of high interference coupling,
or low SINR scenarios, in general.

F.3 Impacts of Self-Interference and Relay Density

In the following, we further investigate the performance of 60 GHz networks op-
erated by optima power allocation while varying the self-interference coupling co-
efficient µ. Here, the separation distance between source and destination is fixed
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Figure 1.6: Violation probability ε vs. targeted theoretical delay bounds wε, for two
power allocation strategies, with µ = −80 dB, −90 dB and −100 dB, respectively,
where n = 10, ρa = 1 Gbps, and δ = 10−2.

to L = 5 km, and an arbitrary number of relays with a sum power constraint is
uniformly placed between the source and destination nodes. As we deploy more
relays, the separation distance between adjacent nodes is shortened as l = L

n+1 .
From Lemma D.1, we know that the SINR per link, determined by c (µ) =

ω∗ (µ) l−β , yields the service performance, where ω∗ (µ) denotes the optimal ωi (µ)
for ∀i ∈ IH obtained by applying the optimal power allocation. We study hence the
impact of µ on c(µ) by this relation, rather than straightforwardly to aim at the
probabilistic backlog and delay violation probability bounds. The behavior of c(µ)
with respect to the varying self-interference coefficient µ for different relay densities
is shown in Fig. 1.7. For all curves, there exists a “waterfall” tendency with regard
to c(µ) as µ increases, i.e., dividing the curve into a “flat” and “falling” stages, re-
spectively. We find that, the point from which on this transition happens depends
on the node density n. Taking the scenario n = 50 as an example, more precisely,
when µ is below µc ≈ −120 dB, c (µ) remains flat by increasing µ. Keeping on
elevating µ, however, c (µ) will encounter a dramatical decay once µ exceeds µc.
This behavior relates to the fact that, the system switches from a noise-limited one
to an interference-limited one as µ grows, such that the self-interference becomes
the dominant factor restricting the level of c (µ). We also observe that, generally
speaking, a higher relay density will result in a higher c (µ). However, when the
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Figure 1.7: c(µ) vs. µ for different relay densities characterized by n = 1, 2, 10, 20
and 50, respectively, with L = 5 km, Ptot = 50 W.

self-interference coefficient is significant and the system being limited by interfer-
ence, i.e., µ ≥ −90 dB, a sparser relay deployment is surprisingly able to provide
a higher c (µ). From Fig. 1.7, we summarize that despite improving c (µ) by means
of increasing n, the overall performance improves only if µ relates not to a strongly
interference-limited system. Hence, optimizing the network performance by chang-
ing the node density must take the self-interference coefficient into account, since
higher relay densities do not always imply higher performance.

Given ε = 10−6, in Fig. 1.8, the probabilistic end-to-end delay bound wε with
respect to a varying self-interference coefficient µ and a varying number of relays n
is further demonstrated. For more noise-limited systems, the delay bound is barely
sensitive to different number of relays (in fact a higher number of relays has a ben-
eficial impact on the delay bound, which is not significantly visible in this plot),
while for strongly interference-limited systems, e.g., when µ = −70 dB, either a low
or a higher number of relays outperforms relay densities in between significantly.
Recall that as the node density increases, the link distances get shorter while the
transmit power per relay also decreases. Still, as the results for noise-limited sys-
tems demonstrate, the resulting SINR improves as the relay density increases if
the self-interference coefficient is small. When the self-interference coefficient in-
creases, the performance degrades as long as the emitted transmit power per relay
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Figure 1.8: Probabilistic delay bound wε vs. n and µ jointly, with ε = 10−6.

creates a significant self-interference with the own receiver. This happens precisely
for medium number of relays, while for a larger relay density, the resulting self-
interference per node drops below the noise level (asymptotically), thereby leading
to a better system performance.

G Conclusions

We investigate stochastic performance guarantees, i.e., the probabilistic end-to-
end backlog and delay, for mm-wave multi-hop wireless networks with full-duplex
buffered relays, by means of MGF-based stochastic network calculus. According
to specific propagation features of mm-wave radios, a cumulative service process
characterization with self-interference is proposed, in terms of the MGF of its chan-
nel capacity. Based on this characterization, probabilistic upper bounds associated
with overall network performance are developed. In addition, we propose an optimal
power allocation scheme in the presence of self-interference, aiming at enhancing
the network performance. The analytic framework of this paper supports a broad
class of multi-hop networks, in terms of homogeneous and heterogeneous, where the
asymptotic tightness of computed upper bounds has been validated. Results reveal
that, the self-interference coefficient plays a crucial role in improving network per-
formance. Another interesting and important finding is that, given the sum power
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constraint, increasing the relay density does not always improve network perfor-
mance unless the self-interference coefficient is sufficiently small. We believe that
approaches developed in this paper will have a variety of applications in designing
and optimizing networks for next generation wireless communications, in terms of
performance guarantees and enhancements.

H Appendices

H.1 Proof of Theorem C.3
By the definition of M (θ, s, t) in (9), we start with the substitution of (16) and (18)
in (9), then we have

M(θ, s, t) ≤eθσ(θ)
min(s,t)∑
u=0

pt−ua (θ) ·
∑

m∑
i=1

πi=s−u

m∏
i=1

(
πi + |Xi| − 1
|Xi| − 1

)
q̂πii (−θ).

(32)

Then using the change of variable u = s−u and rearranging terms, we equivalently
have

M(θ, s, t) ≤ eθσ(θ)

ps−ta (θ)

s∑
u=τ

pua(θ) ·
∑

m∑
i=1

πi=u

m∏
i=1

(
πi + |Xi| − 1
|Xi| − 1

)
q̂πii (−θ),

Based on above, by splitting the power u for pua (θ) into components in terms of
πi, we immediately have

M(θ, s, t) ≤ eθσ(θ)

ps−ta (θ)

s∑
u=τ

∑
m∑
i=1

πi=u

m∏
i=1

(
πi+|Xi|−1
|Xi|−1

)
V πii (θ)

≤ eθσ(θ)

ps−ta (θ)

∞∑
u=τ

∑
m∑
i=1

πi=u

m∏
i=1

(
πi+|Xi|−1
|Xi|−1

)
V πii (θ) ,

where Vi (θ) , pa(θ)q̂i(−θ) and τ , max (s− t, 0) are respectively defined for
notional simplicity, and the last inequality is obtained by pushing s to infinity.
Then, we further have

M (θ, s, t) ≤ eθσ(θ)

ps−ta (θ)

∞∑
u=τ

(
u+ n+ 1−m
n+ 1−m

) ∑
m∑
i=1

πi=u

m∏
i=1

V πii (θ) , (33)
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where the following inequality for combinatorics is used, i.e.,(
n1

k1

)(
n2

k2

)
· · ·
(
nM
kM

)
≤
(
n1 + n2 + · · ·+ nM
k1 + k2 + · · ·+ kM

)
for all ni ≥ ki ≥ 0, i ∈ {1, 2, . . . ,M}.

From (33) on, we need to consider two situations: (i) m = 1 for the homogeneous
network, and (ii) m ≥ 2, which represents the heterogeneous scenario.

For m = 1, the expression in (33) directly reduces to

M (θ, s, t) ≤ eθσ(θ)

ps−ta (θ)

∞∑
u=τ

(
u+ n

n

)
V u (θ) , (34)

where V (θ) = pa (θ) q̂ (−θ), and q̂ (−θ) characterizes the homogeneous channel
gain.

Regarding m ≥ 2, the upper bound of M (θ, s, t) can be formulated as

M (θ, s, t) ≤ eθσ(θ)

ps−ta (θ)

∞∑
u=τ

(
u+n+1−m
n+1−m

) m∑
i=1

ϕi (θ)V u+m−1
i (θ) (35)

= eθσ(θ)

ps−ta (θ)

m∑
i=1

ϕi (θ)V m−1
i (θ)

∞∑
u=τ

(
u+n+1−m
n+1−m

)
V ui (θ) ,

where ϕi (θ) =
∏
j 6=i (Vi(θ)− Vj(θ))−1. Here, the inequality comes from the appli-

cation of following homogeneous polynomials identity [BB06], that is,∑
k1+···+kM=N

xk1
1 x

k2
2 · · ·x

kM
M =

M∑
i=1

xN+M−1
i∏

j 6=i(xi − xj)

for any M ≥ 2 distinct variables, x1, x2, . . . , xM .
Furthermore, we have a closed-form expression in terms of generalized hyperge-

ometric function for the infinite sum [Wol18]
∞∑
k=u

(
n+ k

k

)
xk = xu

(
n+ u

u

)
2F1 (1, n+ u+ 1;u+ 1;x) ,

whenever |x| < 1, which subsequently produces the newly defined Kτ,n,m (x). It
is worth noting that, the condition max

i∈IM
{Vi(θ)} < 1 should be satisfied, for the

sake of stability. Combining (34) and (35) and using (19), then the theorem can be
concluded.

H.2 Proof of Lemma C.2
Note that Kτ,n,1 (x) is explicitly formulated as

Kτ,n,1 (x) =
∞∑
k=τ

(
n+ k

k

)
xk,
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then the derivation can be performed from the the following two cases:
(i) It is easy to know that, i+ k ≤ (i+ k − τ)(1 + τ

i ) holds for all i ≥ 1 and all
k ≥ τ , then we have (

n+ k

k

)
≤
(
n+ k − τ
k − τ

)(
n+ τ

n

)
.

Then we have

Kτ,n,1 (x) ≤ xτ
(
n+ τ

n

) ∞∑
k=0

(
n+ k

k

)
xk, (36)

where we used the change of variables, i.e., k = k − τ . It immediately gives G1 (x)
by applying Newton’s Generalized Binomial Theorem and by taking 1 as the upper
limit into account as well.

(ii) On the other hand, it is easy to know that

∞∑
k=τ

(
n+ k

k

)
xk = 1

(1− x)n+1 −
τ−1∑
k=0

(
n+ k

k

)
xk

≤ 1
(1− x)n+1 − x

τ−1
τ−1∑
k=0

(
n+ k

k

)
= 1

(1− x)n+1 −
(
n+ τ

n+ 1

)
xτ−1,

where inequality is true since 0 ≤ x < 1, and the last equality is obtained by
applying a combinatorial property [Bru92]. Then G2 (x) is obtained.

H.3 Proof of lemma D.1
Note that the network service process is characterized by its MGF bound, MSnet(θ, s, t), s >
0. Furthermore, a lower bound on the service process corresponds to an upper bound
on MSnet(θ, s, t), which is given by (20). Since PΣ = Ptot by assumption, the opti-
mization problem can be formulated as

P∗ = argmin
P:PΣ=Ptot

∑
n+1∑
i=1

πi=t−s

n+1∏
i=1

(
E
[
(1 + γi)−θη

])πi
. (37)

To prove the lemma, we use the generalized Haber inequality [BA08]. That is,
for any m non-negative real numbers x1, x2, . . . , xm, and for all n ≥ 0, we have

∑
i1+···+im=n

m∏
k=1

xiki ≥
(
n+m− 1
m− 1

)(
1
m

m∑
k=1

xk

)n
.
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The above holds with equality if and only if xi = xj for any 1 ≤ i, j ≤ m. Using
this result, the minimum in (37) can be achieved by choosing a power allocation
vector P∗ such that

E
[
(1 + γi)−θη

]
= E

[
(1 + γj)−θη

]
holds for all i, j ∈ IM, which equivalently indicates that the SINRs are identically
distributed across all n + 1 hops, i.e., γj

d= γi, for all i ∈ IH. The resulting MGF
service bound under P∗ power allocation is then given by

M∗Snet
(θ, s, t) ≤

(
t−s+n

n

)(
1

n+1

n+1∑
i=1

E
[
(1 + γi)−θη

])t−s

=
(
t− s+ n

n

)(
E
[
(1 + γ̂)−θη

])t−s
. (38)

The first step is obtained by applying the generalized Haber inequality, with strict
equality under optimal power allocation, to (20). The last step follows since γi,∀i ∈
IH are i.i.d. under optimal power allocation, and the fact that a random variable
is uniquely determined by its MGF, and by letting γ̂ d= γi.

H.4 Proof of lemma D.2

The proof consists of two parts: (i) the existence and uniqueness of the power allo-
cation scheme given PΣ = Ptot, and (ii) the optimality. The notations in derivations
below follow the fashion we used previously.

(i) To show that there is exactly one real root c that meets the constraint on
λtot, we first construct f(x) as follows

f(x) ,
n+1∑
k=1

(
n+1−k∑
i=0

νi,k

)
xk − λtot. (39)

Due to the facts that f(0) = −λtot < 0 and f(+∞) = +∞, since f(x) is
continuous, by the Intermediate Value Theorem, there is a positive c such that
f(c) = 0, which means that equation f(x) = 0 has a root. Furthermore, to prove
the uniqueness of the root, we assume equation f(x) = 0 has at least two positive
roots x1 and x2. Suppose that x1 < x2 such that f(x1) = f(x2) = 0. Note that
f(x) is continuous on the closed interval [x1, x2] and differentiable on the open
interval (x1, x2), it is easy to find that the three hypotheses of Rolle’s Theorem are
simultaneously satisfied. Thus, there should be a number x∗ ∈ (x1, x2) such that
f ′(x∗) = 0. However,

f ′ (x) =
n+1∑
k=1

(
n+1−k∑
i=0

νi,k

)
kxk−1 > 0
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holds for any point x ∈ (0,+∞), which contradicts the initial assumption and hence
we conclude that x1 = x2 which proves the uniqueness of the root for the equation
f(x) = 0 and hence the uniqueness of the optimal power control vector.

(ii) To prove the optimality of P∗, we assume that the optimal solution is
obtained with the sum power P ′∑ that relates to the power allocation vector P′,
where P ′∑ < P ∗∑ = Ptot. In other words, we can obtain γ̂′ associated with P′, such
that

E
[
(1 + γ̂′)−θη

]
≤ E

[
(1 + γ̂∗)−θη

]
, (40)

where γ̂∗ similarly relates to P∗. For notational simplicity, by using (23), we define

g(c) , E
[
(1 + γ̂)−θη

]
= E

[
(1 + κ10−0.1(α+ξ)c)−θη

]
.

Let us consider all possible power allocation schemes P such that PΣ ≤ Ptot. It
is evident that, the derivative of g(c) over PΣ gives

dg(c)
dPΣ

=g′(c) · dc
dPΣ

= g′(c) ·
(
dPΣ

dc

)−1

=− θη · E
[

κ10−0.1(α+ξ)(
1 + κ10−0.1(α+ξ)c

)1+θη

]
· N0

f ′(c) < 0. (41)

which indicates that g(c) monotonically decreases in PΣ. Since c is uniquely deter-
mined by PΣ as shown above and because of (41), we conclude that

E
[
(1 + γ̂′)−θη

]
> E

[
(1 + γ̂∗)−θη

]
,

which contradicts the initial assumption in (40). Thus, the optimal solution is
achieved only when PΣ = Ptot is satisfied, which completes the proof.
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Low-Latency Millimeter-Wave Communications:
Traffic Dispersion or Network Densification?

Guang Yang, Ming Xiao, and H. Vincent Poor

Abstract

Low latency is critical for many applications in wireless communications,
e.g., vehicle-to-vehicle (V2V), multimedia, and industrial control networks.
Meanwhile, for the capability of providing multi-gigabits per second (Gbps)
rates, millimeter-wave (mm-wave) communication has attracted substantial
research interest recently. This paper investigates two strategies to reduce the
communication delay in future wireless networks: traffic dispersion and net-
work densification. A hybrid scheme that combines these two strategies is also
considered. The probabilistic delay and effective capacity are used to evaluate
performance. For probabilistic delay, the violation probability of delay, i.e., the
probability that the delay exceeds a given tolerance level, is characterized in
terms of upper bounds, which are derived by applying stochastic network calcu-
lus theory. In addition, to characterize the maximum affordable arrival traffic
for mm-wave systems, the effective capacity, i.e., the service capability with
a given quality-of-service (QoS) requirement, is studied. The derived bounds
on the probabilistic delay and effective capacity are validated through simula-
tions. These numerical results show that, for a given sum power budget, traffic
dispersion, network densification, and the hybrid scheme exhibit different po-
tentials to reduce the end-to-end communication delay. For instance, traffic
dispersion outperforms network densification when high sum power budget and
arrival rate are given, while it could be the worst option, otherwise. Further-
more, it is revealed that, increasing the number of independent paths and/or
relay density is always beneficial, while the performance gain is related to the
arrival rate and sum power, jointly. Therefore, a proper transmission scheme
should be selected to optimize the delay performance, according to the given
conditions on arrival traffic and system service capability.

A Introduction

A.1 Background
Wireless communications in mm-wave bands (from around 24 GHz to 300 GHz) is
a key enabler for multi-gigabits per second (Gbps) transmission [RSM+13,RRE14,
XMH+17]. In contrast to conventional wireless communications in sub-6 GHz bands,
many appealing properties, including the abundant spectral resources, lower com-
ponent costs, and highly directional antennas, make mm-wave communications at-
tractive for future mobile communications standards, e.g., ECMA, IEEE 802.15.3
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Task Group 3c (TG3c), IEEE 802.11ad standardization task group, and Wireess
Gigabit Alliance (WiGig).

As an important metric for evaluating the quality of service (QoS), low latency
plays a crucial role in the forthcoming fifth generation (5G) mobile communica-
tions [FZM+17, SMS+17, OBB+14], especially for various delay-sensitive applica-
tions, e.g., high-definition television (HDTV), intelligent transport system, vehicle-
to-everything (V2X), machine-to-machine (M2M) communication, and real-time
remote control. The overall delay in wireless communications consists of four com-
ponents as follows [BGH87, KR09]: propagation delay (time for sending the one
bit to its designated end via the physical medium), transmission delay (time for
pushing the packet into the communication medium in use), processing delay (time
for analyzing a packet header and making a routing decision), and queuing delay
(the time that a packet spends in the buffer or queue, i.e., waiting for transmis-
sion). Normally, the overall delay for queuing system is dominantly determined by
the queuing delay, while the contributions by the other types of delay are nearly
negligible. Thus, for low-latency buffer-aided systems, the major task is to largely
decrease the queuing delay.

In recent years, many efforts from different aspects have been devoted to low-
latency mm-wave communications. In [FZM+17], several critical challenges and
possible solutions for delivering end-to-end low-latency services in mm-wave cel-
lular systems were comprehensively reviewed, from the perspectives of protocols
at the medium access control (MAC) layer, congestion control, and core network
architecture. By applying the Lyapunov technique for the utility-delay control, the
problem of ultra-reliable and low-latency in mm-wave-enabled massive multiple-
input multiple-output (MIMO) networks was studied in [VLB+17]. Regarding hy-
brid beamforming in mm-wave MIMO systems, a novel algorithm for achieving the
ultra-low latency of mm-wave communications was proposed in [CLW16], where
the training time can be significantly reduced by progressive channel estimations.
Furthermore, for systems with buffers at transceivers, the probabilistic delay for
point-to-point mm-wave communications is analyzed in [YXG+16], where the de-
lay bound is derived based on network calculus theory.

A.2 Motivation

Due to unprecedented data volumes in mm-wave communications, the transceivers
for many applications are commonly equipped with large-size buffers, such that the
data arrivals that cannot be processed in time will be temporarily queued up in the
buffer until corresponding service is provided. Hence, the low-latency problem for
mm-wave communications with buffers can be interpreted as a delay problem in
queuing systems, equivalently. By queuing theory, it is known that the key idea for
effectively reducing the queuing delay is to keep lower service utilization. That is,
the average arrival rate of data traffic should be less than the service rate of server
as much as possible.

Commonly, low service utilization can be fulfilled mainly through two distinct
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methods: offloading arrival traffic and improving the service capability. In a wireless
network, offloading arrival traffic can be realized by adopting the traffic dispersion
scheme, and service enhancement can be realized by adopting the network densifi-
cation scheme. Traffic dispersion stems from the application of distributed antenna
systems (DASs) or distributed remote radio heads (RRHs) in mm-wave communi-
cations, and network densification is motivated from the trend of dense deployment
for mm-wave networks. Roughly, the traffic dispersion scheme applies the “divide-
and-conquer” principle, which enables parallel transmissions to fully exploit the
spatial diversity, such that a large single queue (or large delay, equivalently) can be
avoided. On the other hand, the network densification scheme departs from reduc-
ing the path loss, via shortening the separation distance between adjacent nodes,
such that the end-to-end service capability can be improved.

Clearly, both the traffic dispersion and network densification schemes are promis-
ing and competitive candidates for low-latency mm-wave communications. Though
there are many research contributions in low-latency communications based on
above two principles, the existing literature focus on either the dispersion scheme
(e.g., [MPH06,PFLZ12,RFC12,HCCP16,FJ16,RPC16]) or multi-hop relaying scheme
(e.g., [CBL06,LH08,BA09,AZLB16]). It is not clear yet which scheme can provide
better delay performance. For designing or implementing mm-wave networks, it is
essential to explore the respective strengths of traffic dispersion and network den-
sification, and know the their applicability and capability for realizing low-latency
mm-wave networks. Moreover, a combination of traffic dispersion and network den-
sification, termed as “hybrid scheme”, is worthy of study. Intuitively, the hybrid
strategy takes advantages of both traffic dispersion and network densification, and
potentially can improve the delay performance under certain constraints.

A.3 Objectives and Contributions

The main objective of our work is to investigate the potential of delay performance
of three transmission schemes for mm-wave communications, i.e., traffic dispersion,
network densification, and the hybrid scheme. Considering buffer-aided mm-wave
systems, the delay performance is studied in terms of probabilistic delay and effec-
tive capacity, respectively. More precisely, to characterize the violation probability
of delay, we derive corresponding probabilistic delay bounds by applying stochas-
tic network calculus based on moment generating function (MGF). Furthermore,
effective capacity is investigated to characterize the maximum asymptotic service
capability. The main contributions can be summarized as follows:

• To the best of our knowledge, the comparison between traffic dispersion and
network densification has not been performed previously, and thus the advan-
tage of each scheme for delay performance is not yet clear. In this paper, we
comprehensively investigate the respective strengths of above two strategies.
Furthermore, we propose a generic hybrid scheme, i.e., a flexible combina-
tion of traffic dispersion and network densification, and study its potentials
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in reducing the communication delay. Thus, our work not only exhibits the
benefits of two basic transmission strategies in different scenarios, but also
explores the capability of the novel hybrid scheme in reducing the delay for
certain scenarios.

• Using MGF-based stochastic network calculus, probabilistic delay bounds for
traffic dispersion, network densification, and the hybrid scheme are derived,
respectively. Compared to most of existing results that only consider homo-
geneous networks, we study the probabilistic delay heterogeneous settings
for the sake of generality. Our work contributes to stochastic network calcu-
lus theory by extending the application of stochastic network calculus from
homogeneous cases to heterogeneous scenarios. Though the extension to het-
erogeneous scenarios is not complicated, we still provide detailed derivations
regarding probabilistic delay bounds via the MGF-based method, resulting in
a self-contained paper for better illustration.

• Another contribution relative to MGF-based stochastic network calculus is
its application in mm-wave networks. Actually, the research regarding delay
analysis in wireless communications using stochastic network calculus is rather
limited, although the theory has developed for decades. A remarkable achieve-
ment is the development of (min,×)-algebra [AZLB13, PAZKG15, AZLB16],
which was proposed to bridge the conventional stochastic network calculus
and its applications in wireless scenarios. However, only Rayleigh fading chan-
nel is considered for discussion in related literature, while the investigation
with respect to mm-wave fading characteristics, e.g., Nakagami-m fading, still
remains blank. In our research, we not only provide closed-form expressions for
the MGF of the service process, specifically for Nakagami-m fading channels,
but also show the feasibility of using (min,+)-algebra to address problems
in wireless communications. In this sense, we explored a novel alternative
parallel to the (min,×)-based methodology.

• It is known that, effective capacity can be used to analyze the maximum
service capability in the asymptotic sense. Despite that significant progresses
have been achieved in recent years, there however still remain several open
issues for effective capacity, e.g., generic formulations for considered trans-
mission schemes and analysis for networks with an arbitrary number of tan-
dem servers. In our work, we show the maximum effective capacity in traffic
dispersion with given sum power constraint, and identify the condition for
achieving the optimum. Furthermore, although closed-form expressions of ef-
fective capacity for network densification and the hybrid scheme cannot be
obtained (due to the convolution in (min,+)-algebra), we derive lower and
upper bounds to characterize their actual effective capacity. Numerical results
demonstrate that the analytical lower and upper bounds are quite close to
each other. Thus, the feasibility of using our derived bounds to capture the
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effective capacity of networks (partially or fully) with tandem architectures
is validated.

• It is demonstrated that, traffic dispersion, network densification and the hy-
brid scheme have respective advantages, and resulting end-to-end delay per-
formance depends on the sum power budget and the density of data traffic
(e.g., average arrival rate). For instance, when the given sum power is large,
traffic dispersion, the hybrid scheme, and network densification are suitable
for the scenarios with heavy, medium, and light arrival traffic, respectively.
However, when the given sum power is small, the corresponding strengths
of above three schemes significantly change with respect to arrival traffic.
These observations provide interesting insights for mm-wave network designs
and implementations. That is, the transmission scheme for low-latency per-
formance should be properly selected according to the density of arrival traffic
and/or the feasible system gain.

The remainder of this paper is outlined as follows. In Sec. B, preliminaries for
MGF-based stochastic network calculus are provided. In Sec. C, we give system
models for traffic dispersion, network densification, and the hybrid scheme, respec-
tively, and present MGF-based characterizations for traffic and service processes
in mm-wave systems. For three low-latency schemes, corresponding probabilistic
delay bounds are derived in Sec. D, by applying MGF-based stochastic network
calculus. In Sec. E, we give a closed-form expression for the effective capacity for
traffic dispersion, and derive lower and upper bounds to characterize the effective
capacity for both network densification and the hybrid scheme. Performance eval-
uations are presented in Sec. F, where the derived results are validated, and the
delay performance of three schemes is discussed. Conclusions are finally drawn in
Sec. G.

B Preliminaries for Network Calculus

In this section, for illustration purpose, we will review network calculus theory
briefly and present preliminaries for MGF-based stochastic network calculus. More
details for the presented fundamental results can be found in [Cha94,LBT01,Cha00,
JL08,FR15,Fid10].

B.1 Traffic and Service Process
Considering a fluid-flow, discrete-time queuing system with a buffer of infinite size,
within time interval [s, t), 0 ≤ s ≤ t, the non-decreasing bivariate processes A(s, t),
D(s, t) and S(s, t) are defined as the cumulative arrival traffic to, departure traffic
from, and service offered by server, respectively. We assume A (s, t), D (s, t) and
S (s, t) are stationary non-negative random processes, and their values are zeros
whenever s ≥ t. Furthermore, the cumulative arrival and service processes are the
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sum of instantaneous realizations of each time slot within the given time interval.
More exactly, let ai and si represent the instantaneous values of arrival and service
in the ith time slot, respectively, then A(s, t) and S(s, t) are given as

A(s, t) =
t−1∑
i=s

ai and S(s, t) =
t−1∑
i=s

si , (1)

for all 0 ≤ s ≤ t, where time slots are normalized to 1 time unit.
For network calculus, the convolution and deconvolution in (min,+)-algebra, de-

noted by ⊗ and �, respectively, are two critical operators for deriving performance
bounds of queuing systems. Their definitions with respect to the non-decreasing
and strictly positive bivariate processes X(s, t) and Y (s, t) are respectively given
as

(X ⊗ Y )(s, t) , inf
s≤τ≤t

{X(s, τ) + Y (τ, t)}

and
(X � Y )(s, t) , sup

0≤τ≤s
{X(τ, t)− Y (τ, s)}.

With respect to cumulative arrival A(s, t) and cumulative service process S (s, t),
according to network calculus, cumulative departure D(s, t) is characterized as
[Cha00]

D(s, t) ≥ (A⊗ S)(s, t), (2)

where the equality can be achieved if the system is linear [LBT01]. Then, in terms
of A (s, t) and D (s, t), the virtual delay at time t is defined as W (t) , inf{w ≥ 0 :
A(0, t) ≤ D(0, t+ w)}, which is further upper bounded by

W (t) ≤ inf{w ≥ 0 : (A� S)(t+ w, t) ≤ 0}. (3)

Moreover, an appealing and important property of network calculus theory is
the capability of dealing with tandem systems, where the equivalent end-to-end
network service process can be computed as the (min,+) convolution of the indi-
vidual service processes. More exactly, given n concatenated servers, the end-to-end
network service process Snet (s, t) is given by

Snet (s, t) = (S1 ⊗ S2 ⊗ · · · ⊗ Sn) (s, t) , (4)

where Si (s, t) for any 1 ≤ i ≤ n denotes the service process on the ith hop.

B.2 MGF-based Probabilistic Bounds
For queuing systems with stochastic traffic and/or service processes, the MGF-
based stochastic network calculus [Fid10] is used to effectively characterize the
probabilistic delay. Among various MGF-based approaches for stochastic processes,
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the Chernoff bound is widely used in stochastic network calculus for deriving prob-
abilistic bounds. More exactly, for random variable X and given x, the Chernoff
bound on Pr (X ≥ x) is given as

Pr (X ≥ x) ≤ e−θxE
[
eθX

]
= e−θxMX(θ),

where E [Y ] and MY (θ) are the mean value and the MGF (or the Laplace transform)
with respect to Y , respectively, and θ is a positive free parameter. For any stochastic
process X(s, t), t ≥ s, the MGF of X for any θ ≥ 0 is defined as [Fid06b]

MX(θ, s, t) , E
[
eθX(s,t)

]
.

Moreover, MX(θ, s, t) , MX(−θ, s, t) = E
[
e−θX(s,t)] is also defined, likewise.

The following two inequalities regarding the MGF, associated with convolution
⊗ and deconvolution �, respectively, are extensively applied in MGF-based network
calculus [Fid06b]. More exactly, let X (s, t) and Y (s, t) be independent random
processes, we have

MX⊗Y (θ, s, t) ≤
t∑

u=s
MX (θ, s, u) ·MY (θ, u, t) (5)

and

MX�Y (θ, s, t) ≤
s∑

u=0
MX (θ, u, t) ·MY (θ, u, s) . (6)

Based on (5) and (6), many properties for MGF-based stochastic network calculus
are summarized in [Fid06b].

For the tandem network shown in (4), the corresponding MGF is written as
MSnet(θ, s, t) for the system with n tandem servers, which is bounded by

MSnet(θ, s, t) ,MS1⊗S2⊗···⊗Sn(θ, s, t) ≤
∑

s≤u1≤···≤un−1≤t

n∏
i=1

MSi(θ, ui−1, ui) , (7)

where u0 = s and uN = t, and Si, i = 1, . . . N denotes the service process on each
hop. (7) is obtained via applying the union bound and independence assumption
[Fid06b].

Assuming independent arrival traffic and service process, in terms of MGF-based
characterizations for cumulative arrival traffic and cumulative service process, i.e.,
MA (θ, s, t) and MS (θ, s, t), respectively, we define MA,S(θ, s, t) as

MA,S(θ, s, t) ,
min(s,t)∑
u=0

MA(θ, u, t) ·MS(θ, u, s). (8)
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(a) Traffic Dispersion

(b) Network Densification

Figure 1.1: Illustrations of two schemes for reducing latency for mm-wave commu-
nications: (a) traffic dispersion, and (b) network densification.

Then, based on (8), the violation probability is bounded as

Pr (W (t) ≥ w) ≤ Pr ((A� S)(t+ w, t) ≥ 0)
≤ inf
θ>0

MA�S (θ, t+ w, t) ≤ inf
θ>0

MA,S (θ, t+ w, t) , εw,
(9)

where the Chernoff bound and the inequality in (6) are used, and εw denotes the
violation probability of delay. The last line in (9) is obtained by applying the in-
equality for MA�S (refer to (6)) and the definition in (8). Solving w, we can ob-
tain [Fid06b,AZLB16]

w = inf
{
w̃ ≥ 0 : inf

θ>0
{MA,S(θ, t+ w̃, t)} ≤ εw

}
. (10)

C System Descriptions and MGF-based Traffic/Service
Characterizations

C.1 System Model
Throughout this paper, we assume a constant arrival rate ρ for the incoming data
traffic1, i.e., A (s, t) = ρ · (t− s) for any 0 ≤ s ≤ t. Two schemes, i.e., traffic disper-

1Constant-rate arrival traffic is mainly considered throughout this work for simplifying anal-
yses, while discussions on the performance associated with stochastic arrival are also attached.



C. System Descriptions and MGF-based Traffic/Service Characterizations
161

sion and network densification, are illustrated in Fig. 1.1. They work as follows:

• For traffic dispersion (as shown in Fig. 1.1a), the original arrival traffic is
firstly partitioned into multiple sub-streams by the data splitter. More pre-
cisely, given a set of deterministic splitting coefficients (z1, z2, · · · , zn), where∑n
i=1 zi = 1 and zi ∈ (0, 1) for any 1 ≤ i ≤ n, the ith sub-stream Ai (s, t)

is obtained as Ai (s, t) = zi · A (s, t). Then, each sub-stream gets served and
delivered towards the receiver through the given path, independently. Finally,
the receiver combines all sub-streams through the data merger from differ-
ent paths, thereby forming the output traffic. Thanks to narrow beams (or
highly directional antennas) in mm-wave communications, the inter-channel
interference is negligible, and hence it is reasonable to assume independence
for multiple propagation paths2. The principle of traffic dispersion is to de-
compose the original heavy arrival traffic into multiple lighter ones, thereby
to avoid a large queue in the buffer.

• For network densification (as shown in Fig. 1.1b), multiple relay nodes3 as
servers are deployed along the source-destination transmission path. Due to
the concatenation of relying nodes, the output traffic from one relay can be
treated as the input traffic for the subsequent connected relay. The application
of multi-hop relaying follows trend of ultra-dense mm-wave networks. Like-
wise, it is feasible to assume independent channel conditions on multiple hops,
thanks to high directivity and propagation properties for mm-wave commu-
nications. In contrast to the principle of traffic dispersion, the mechanism of
network densification is deploying a large number of relay nodes between the
given source and destination, which can reduce the path loss on each hop via
shortening the separation distance between adjacent nodes, thereby increase
the end-to-end service capability.

Besides, combining the benefits of traffic dispersion and network densification,
we consider hybrid scheme as shown in Fig. 1.2. The original arrival traffic is firstly
divided into multiple sub-streams by data splitter. Subsequently, these sub-streams
are allocated with independent paths for data transmission, and each path consists
of multiple relay nodes. It is evident that, this combination takes advantages of
traffic dispersion and network densification, i.e., offloading the arrival traffic and
enhancing the service capability.

2 In DAS or RRH, a large number of antenna elements can be divided into clusters and
physically isolated. We also note that for the short wavelength mm-wave, lots of antenna can be
co-located in a small area [XMH+17]. With the aid of proper beamforming techniques (precoding
at the transmitter and signal shaping at the receiver), the orthogonality among distinct beams
with high directivity is enabled, thereby providing multiple interference-free parallel paths from
different clusters in mm-wave bands, where channel fading characteristics are independent due to
the separation among distinct paths [SMGL12,AEALH14,GKBS16].

3Full-duplex relay nodes are used throughout this paper, where the self interference is ignored
for simplifying analysis.
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Figure 1.2: Hybrid scheme for low-latency mm-wave communications.

For the propagation characteristic in mm-wave bands, it is known that the small-
scale fading in mm-wave channels is very weak [RSM+13], in contrast to that in sub-
6 GHz bands. For the sake of tractability, the amplitude of the channel coefficient
in mm-wave bands is commonly modeled as a Nakagami-m random variable, as
in [BH15, YZHL17]. For simplicity, we assume the small-scale fading channel with
Nakagami-m distribution is independent and identically distributed (i.i.d.) over
time in terms of blocks, i.e., i.i.d. block fading. Given separation distance l and
path loss exponent α, the capacity of the mm-wave channel is given as

C = B log2
(
1 + ξγl−α

)
, (11)

where γ denotes the transmit power normalized by the background noise, B is the
bandwidth, and the random variable ξ represents the channel gain, which follows
the gamma distribution, i.e., ξ ∼ Γ

(
M,M−1), with respect to Nakagami parameter

M . The p.d.f. of the gamma-distributed ξ is given as

f
(
x;M,M−1) , xM−1 exp (−Mx)

M−MΓ (M) ,

where Γ (z) ,
∫∞

0 zt−1 exp (−t) dt denotes the gamma function for < (z) > 0.

C.2 MGF Bounds for Service Processes
According to (9), it can be found that, MA (θ, s, t) and MS (θ, s, t) are required
to compute the probabilistic delay bound. Regarding MA (θ, s, t), for simplifying
illustration, deterministic arrivals with constant rate ρ > 0 are assumed in this
paper, such that MA (θ, s, t) with respect to free parameter θ > 0 can be written
as

MA (θ, s, t) = exp (θ · ρ · (t− s)) , µt−s (θ) , (12)
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where µ (θ) , exp (θρ). Moreover, for cumulative service process S (s, t), in terms
of channel capacity by (11), we have

S (s, t) =
t−1∑
q=s

C(q) = η

t−1∑
q=s

ln
(

1 + ξ(q)γl−α
)
,

where η , B log2 e, and C(q) denotes the instantaneous channel capacity with
respect to gamma-distributed ξ(q) at time q. Then, the corresponding MGF can be
written as

MS (θ, s, t) =
(
E
[(

1 + ξγl−α
)−ηθ])t−s

, U t−sC (ηθ) , (13)

where i.i.d. Nakagami-m fading across the time dimension is assumed. Here, UC (x)
for x > 0 is defined as

UC (x) ,
(
Mlα

γ

)M
U

(
M, 1 +M − x, Mlα

γ

)
,

where

U (a, b, z) , Γ (a)
∫ ∞

0
exp (−zt) ta−1 (1 + t)b−a−1

dt

denotes the confluent hypergeometric Kummer U-function.
Note that, with stochastic service processes, it is intractable to obtain the closed-

form probability distribution function (p.d.f.) for delay. Besides, the MGF-based
approach gives bounds, instead of the actual delay. Therefore, for schemes to be
investigated subsequently, it is infeasible and meaningless to formulate optimization
problems with certain given constraints to optimize the actual delay performance. In
this sense, our work mainly aims to characterize the delay performance via bounds,
rather than to optimize the schemes.

D Probabilistic Delay Bounds for Low-Latency
Transmission Schemes

In this section, we mainly focus on the performance analysis of traffic dispersion
and network densification, and derive upper bounds for probabilistic delay. Subse-
quently, based on the derived results for above two basic schemes, the delay bound
for the hybrid scheme is also presented.

D.1 Delay Bound for Traffic Dispersion
As shown in Fig. 1.1a, assuming m ≥ 1 independent paths for the traffic dispersion
scheme, associated with a set of deterministic splitting coefficients (z1, z2, · · · , zm),
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where
∑m
i=1 zi = 1 and zi ∈ (0, 1) for any 1 ≤ zi ≤ m, the original cumulative arrival

A (s, t) = ρ (t− s) is decomposed into several sub-streams Ai (s, t) for 1 ≤ i ≤ m,
i.e.,

Ai (s, t) = ziA (s, t) = (zi · ρ) · (t− s) , ρi (t− s) .

In this sense, we have ρ =
∑m
i=1 ρi. Then, for each sub arrival traffic Ai (s, t), we

similarly have

MAi (s, t) = exp (θ · ρi · (t− s)) , µt−si (θ) . (14)

Moreover, for each transmission path, the channel capacity of the ith path at
time q is given as

C
′(q)
i = B log2

(
1 + ξ

(q)
i γil

−α
)
,

where separation distance l is assumed for each path, and ξ
(q)
i and γi denote the

instantaneous gamma-distributed channel gain and normalized transmit power on
the ith path, respectively. Following (13), the MGF of S′i (s, t) ,

∑t−1
q=s C

′(q)
i can be

written as

MS′
i
(θ, s, t) = U t−sC′

i
(θ) , ψt−si (θ) . (15)

Without loss of generality, considering heterogeneous traffic dispersion, i.e.,
µi (θ) 6= µj (θ) or ψi (θ) 6= ψj (θ) may hold for 1 ≤ i 6= j ≤ m, an upper bound on
the violation probability for traffic dispersion is given in the following theorem.

Theorem D.1. Let W (t) , max {W1 (t) ,W2 (t) , · · · ,Wm (t)} be the delay for the
traffic dispersion scheme with m independent paths, where Wi (t) denotes the delay
on the ith path. Then, for any w ≥ 0, the probabilistic delay is bounded as follows:

Pr (W (t) ≥ w) ≤ 1−
m∏
i=1

[
1− inf

θi>0

{
ψwi (θi)

1− µi (θi)ψi (θi)

}]+
,

whenever the stability condition µi (θi)ψi (θi) < 1 holds for some θi > 0 and all
i ∈ [m], where [x]+ , max {x, 0} for x ∈ R.

Proof. Please refer to Appendix H.1.

We notice from Theorem D.1 that the definition of W (t) indicates the synchro-
nization constraint. The traffic dispersion scheme discussed here actually acts as a
special variant of general fork-join systems [FJ16, RPC16], since all tasks of a job
start execution at the same time, and the job is not completed until the final task
leaves the system.

In Theorem D.1, the stability condition, i.e., µi (θi)ψi (θi) < 1 for all 1 ≤ i ≤ m,
should be satisfied to obtain the above probabilistic delay bound. This stability
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condition stems from the fact that, to avoid infinite delay, the arrival rate of each
sub-stream cannot exceed the service capability provided on the corresponding
path. Furthermore, Theorem D.1 tells that, the path with higher service utilization,
i.e., higher µi (θi)ψi (θi), is the main contributor to large delay.

With homogeneous settings, i.e., µi (θ) = µ (θ) and ψi (θ) = ψ (θ) for all 1 ≤
i ≤ m, we have the following corollary.

Corollary D.1.1. For homogeneous traffic dispersion, given any w ≥ 0, the prob-
abilistic delay bound of Theorem D.1 is given as

Pr (W (t) ≥ w) ≤ 1−
[(

1− inf
θ>0

{
ψw (θ)

1− µ (θ)ψ (θ)

})m]+

,

whenever µ (θ)ψ (θ) < 1 holds for some θ > 0.

Corollary D.1.1 demonstrates that, with fixed µ(θ) and ψ(θ), the upper bound
for the violation probability Pr (W (t) ≥ w) grows with increasing m. The obser-
vation coincides with the result mentioned in [FJ16] and [RPC16] that the delay
roughly scales up linearly with the number of independent paths, especially when
the end-to-end delay on each path is small.

It is worth mentioning that Theorem D.1 and Corollary D.2.1 are built on the
assumption that deterministic arrival is applied, such that the independence among
different Wi(t) is preserved. However, when considering stochastic arrival traffic,
the independence of m flows after splitting does not hold, and thus P (W (t) ≥ w) 6=
1−

∏m
i=1 (1− P (Wi (t) ≥ w)). To address the difficulty induced by the dependence

among stochastic sub-streams, we resort to a union bound for P (W (t) ≥ w), i.e.,

P (W (t) ≥ w) ≤ min
{

1,
m∑
i=1

P (Wi(t) ≥ w)
}
.

Therefore, when µi(θ) for all 1 ≤ i ≤ m are not independent, the results in Theo-
rem D.1 and Corollary D.2.1 should be changed respectively to

P (W (t) ≥ w) ≤ min
{

1,
m∑
i=1

inf
θi>0

{
ψwi (θi)

1− µi (θi)ψi (θi)

}}
and

P (W (t) ≥ w) ≤ min
{

1,m inf
θ>0

{
ψw (θ)

1− µ (θ)ψ (θi)

}}
,

where the asymptotic tightness of union bounds is roughly identical to that in
Theorem D.1 and Corollary D.2.1, since

1−
m∏
i=1

(1− P (Wi(t) ≥ w)) ≈
m∑
i=1

P (Wi(t) ≥ w) (16)

when P (Wi(t) ≥ w) is sufficiently small.
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D.2 Delay Bound for Network Densification
In the network densification scheme for multi-hop mm-wave networks, we again
assume that A (s, t) = ρ · (t− s), such that

MA (s, t) = µt−s (θ) .

Moreover, for the k-hop relaying channel, we denote by

C
′′(q)
i = B log2

(
1 + ξ

(q)
i γil

−α
i

)
the instantaneous channel capacity of the ith hop at time q, where ξ

(q)
i , γi and

li denote the instantaneous gamma-distributed channel gain, normalized transmit
power, and transmission distance on the ith hop, respectively. Based on (13), the
MGF of S′′i (s, t) ,

∑t−1
q=s C

′′(q)
i can be written as

MS′′
i

(θ, s, t) = U t−sC′′
i

(θ) , φt−si (θ) . (17)

Considering heterogeneous multi-hop relaying, i.e., φi (θ) 6= φj (θ) may hold for
1 ≤ i 6= j ≤ k, we have the following theorem regarding the probabilistic end-to-end
delay bound.

Theorem D.2. Let W (t) be the end-to-end delay of a k-hop network. Then, for
any w ≥ 0, the probabilistic delay is bounded as follows:

Pr (W (t) ≥ w) ≤ inf
θ>0


µ−w (θ)

∞∑
v=w

∑
k∑
i=1

πi=v

k∏
i=1

(µ (θ)φi (θ))πi


,

whenever the stability condition µ (θ)φi (θ) < 1 holds for some θ > 0 and all i ∈ [k].

Proof. Please refer to Appendix H.2.

Similarly, the stability condition indicates that, to avoid infinite delay, the ar-
rival rate cannot exceed the service capability provided by each hop. Besides, by
Theorem D.2, the hop with higher service utilization, i.e., higher µ (θ)φi (θ), is the
main contributor to a large delay.

In the following corollary, the probabilistic delay for multi-hop relaying with
homogeneous settings is studied, where φi (θ) = φ (θ) for all 1 ≤ i ≤ k are assumed.

Corollary D.2.1. For homogeneous network densification, given any w ≥ 0, the
probabilistic delay bound of Theorem D.2 is given as

Pr (W (t) ≥ w) ≤
(
k − 1 + w

w

)
inf
θ>0
{φw(θ)2F1 (1, k + w; 1 + w;µ(θ)φ(θ))}
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whenever the stability condition µ (θ)φ (θ) < 1 holds for some θ > 0. Here 2F1 (a, b; c; z)
is a hypergeometric function, defined as

2F1 (a, b; c; z) ,
∞∑
n=0

(a)n (b)n
(c)n

· z
n

n! ,

where (x)n denotes the rising Pochhammer symbol, given as

(x)n ,


1, n = 0
(x+ n− 1)!

(x− 1)! , n > 0
.

Proof. With the homogeneous setting, we obtain that

MA,S′′(θ, s, t)≤µt−s(θ)
∞∑
v=τ

(
k−1+v

v

)
(µ(θ)φ(θ))v . (18)

Regarding the infinite sum in (18), we have
∞∑
v=τ

(
k − 1 + v

v

)
(µ (θ)φ (θ))v = (µ(θ)φ(θ))τ

(
k−1+τ

τ

)
2F1 (1, k+τ ; 1+τ ;µ(θ)φ(θ)) ,

where τ , max {s− t, 0} and 2F1 (a, b; c; z) is a hypergeometric function. Paired
with (9) and the upper bound for MA,S′′ (θ, s, t), the theorem can be immediately
concluded by letting s = t+ w.

Corollary D.2.1 demonstrates that, given fixed µ(θ) and φ(θ), the upper bound
for the violation probability Pr (W (t) ≥ w) grows when the number of hops k in-
creases, i.e., scaling as O (kw). The O(·) is defined as a set of functions u(x), i.e.,
O (f(x)) , {u(x) ∈ R : sup |u(x)/f(x)| <∞}, where f(x) ∈ R.

D.3 Delay Bound for the Hybrid Scheme
In the hybrid scheme with m (m ≥ 1) independent transmission paths, for the
arrival traffic, we assume that the sub-stream Ai (s, t) given in (14). Furthermore,
we denoted by

C
(q)
i,j = B log2

(
1 + ξ

(q)
i,j γi,j l

−α
i,j

)
,

the instantaneous channel capacity of the jth hop on the ith transmission path
at time q, where ξ(q)

i,j , γi,j and li,j represent the instantaneous gamma-distributed
channel gain, normalized transmit power and propagation distance, respectively.
Similarly, according to (13), the MGF of Si,j (s, t) ,

∑t−1
q=s C

(q)
i,j can be written as

MSi,j (θ, s, t) = U t−sCi,j
(θ) , ϕt−si,j (θ) . (19)

In light of above, the probabilistic delay bound for the hybrid scheme is pre-
sented in the following theorem.
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Theorem D.3. Assuming m (m ≥ 1) independent paths for the hybrid scheme
system, with ki hops on the ith path for 1 ≤ i ≤ m, we define p̂i for any given
w ≥ 0 as

p̂i , inf
θi>0


µ−wi (θi)

∞∑
v=w

∑
ki∑
j=1

πj=v

ki∏
j=1

(µi (θi)ϕi,j (θi))πj


.

Then, the end-to-end probabilistic delay is upper bounded as

Pr (W (t) ≥ w) ≤ 1−
m∏
i=1

[1− p̂i]+ ,

whenever the stability condition µi (θi)ϕi,j (θi) < 1 holds for some θi > 0 and all
1 ≤ i ≤ m and 1 ≤ j ≤ ki.

Proof. Applying Theorem D.2 in Theorem D.1 for each independent path, it is then
straightforward to conclude the probabilistic delay bound for the hybrid scheme.

Particularly, with homogeneous settings in the hybrid scheme, i.e., µi (θ) =
µ (θ), ϕi,j (θ) = ϕ (θ), and ki = k for all 1 ≤ i ≤ m and 1 ≤ j ≤ ki, the result
by Theorem D.3 can be further reduced, which can be presented via combining
Corollary D.1.1 and Corollary D.2.1. For brevity, results related to the homogeneous
scenario are omitted.

Again, if stochastic arrival traffic is applied, the independence among sub-
streams does not hold. Then upper bound in Theorem D.3 should be changed
to

Pr (W (t) ≥ w) ≤ min
{

1,
m∑
i=1

p̂i

}
,

which is obtained via applying union bound (similar method in (16)).

E Effective Capacity Analysis with Given Average System
Gain

From the analysis of Sec. D that, it is important to ensure that the arrival rate
is below the service capability (refer to the stability conditions for three schemes).
That is, the service capability characterizes the limiting potentials to deal with data
traffic without causing infinite delays. Thus, in what follows, we use effective ca-
pacity [WN03], which is another important metric related to the delay performance
departing from asymptotic service capability, to analyze three schemes.
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E.1 Basics for Effective Capacity
In light of the MGF of the service process by (13), the effective capacity is defined
as

C (−θ) , lim
t→∞

logMS (θ, 0, t)
−θt

, (20)

where θ > 0 represents the QoS exponent, which indicates a more stringent QoS
requirement for a higher θ.

With certain positive θ that enables

lim
x→∞

log
(
ζ−1 Pr (W (t) ≥ x)

)
x

= −θC (−θ) , (21)

where ζ is the probability that the queue is not empty, the violation probability of
delay, denoted by Pr (W (t) ≥ wmax), can be approximated as [TZ08,HZ12,KCH15,
LGAZ+16]

Pr (W (t) ≥ wmax) ≈ ζ exp (−θC (−θ)wmax) , (22)

where wmax represents the maximum tolerance of delay.
In addition, for the stability consideration of first-in-first-out (FIFO) queuing

systems in the asymptotic sense, according to the Gärtner-Ellis Theorem [Buc13],
the arrival and service process should satisfy the following condition with given θ,
i.e.,

R (θ) , lim
t→∞

logMA (θ, 0, t)
θt

≤ R∗ (θ) , C (−θ) , (23)

where R (θ) in terms of QoS exponent θ is commonly termed as the “effective
bandwidth” [Cha00], and the maximum effective bandwidth, denoted by R∗ (θ) is
characterized by the effective capacity C (−θ). We notice that, the relation between
effective bandwidth and effective capacity, i.e., R (θ) ≤ C (−θ), follows the intuition
of asymptotic stability (or stability in the long-term sense), and its principle resem-
bles the stability condition stated in Theorem D.1, Theorem D.2, or Theorem D.3.
It is worth mentioning that effective capacity C (−θ) depicts the utmost service
capability provided by the system, which is independent of the density of arrival
traffic (refer to (20)).

According to the properties above, it is clear that, for any given QoS exponent
θ > 0, a larger effective capacity C (−θ) not only indicates a stronger capability
for serving heavier arrival traffic (see (23)), but also leads to faster decay in the
probability delay (refer to (22)). Therefore, in the following analysis, we focus on
the effective capacity (or the maximum effective bandwidth, equivalently) of traffic
dispersion, network densification and the hybrid scheme, respectively.

In what follows, we investigate the effective capacity for traffic dispersion, net-
work densification and the hybrid scheme. We denote by L the end-to-end distance
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between the source and the destination (in network densification and the hybrid
scheme, distance L is assumed to each independent path). Besides, we assume that
all transmitter are subject to a sum-power constraint γ. It is worth mentioning that
the expressions of the effective capacity for networks with heterogeneous settings
can be obtained by using MS (θ, 0, t) (refer to (15) and (17) for traffic dispersion
and network densification, respectively), and hence they are omitted in this section
to avoid redundancy. However, we in the following analyses mainly consider homo-
geneous settings for three schemes, aiming at obtaining closed-form expressions for
fair comparisons without loss of tractability.

E.2 Effective Capacity of Traffic Dispersion
For traffic dispersion, the effective capacity of each independent path can be obtain
as

CS′
i
(−θ) = −1

θ
logE [exp (−θC ′i)] ,

where the independence of channel condition across the time dimension is applied.
Then, considering n parallel independent paths, the effective capacity of traffic
dispersion is given as

CS′ (−θ) ,C∑n

i=1
S′
i
(−θ) =

m∑
i=1
CS′

i
(−θ) = − lim

t→∞

m∑
i=1

logMS′
i
(θ, 0, t)
θt

. (24)

Then, the maximum effective bandwidth can be obtained as

R∗S′ (θ) =− 1
θ
·
m∑
i=1

logE
[(

1 + ξiγiL
−α)−ηθ]

=− 1
θ
·
m∑
i=1

log
((

MLα

γi

)M
U

(
M, 1 +M − ηθ, MLα

γi

))
.

It is worth mentioning that the QoS exponent θ here works for the entire sys-
tem. That is, θ should make component probabilistic delays in n paths all satisfy
the asymptotic condition in (21). In this sense, the worst component has been con-
sidered, such that we can disregard the arrival order of data and have the overall
service of traffic dispersion as a sum of individual services.

With the Nakagami-m fading characteristic of the mm-wave channel, the max-
imum effective bandwidth R∗S′ (θ) is given in Theorem E.1.

Theorem E.1. Given sum power constraint
∑m
i=1 γi = γ, the maximum effective

bandwidth R∗S′ (θ) is upper bounded as

R∗S′ (θ) ≤
m log

((
MmLα

γ

)M
U
(
M, 1 +M − ηθ, MmLα

γ

))
−θ

,
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where the equality holds if γi = m−1γ for all 1 ≤ i ≤ m.

Proof. Please refer to Appendix H.3.

Theorem E.1 shows that, for the traffic dispersion scheme, the maximum effec-
tive bandwidth can be achieved when applying homogeneous settings on n inde-
pendent paths, i.e., γi = m−1γ for all 1 ≤ i ≤ m.

E.3 Effective Capacity of Network Densification
For network densification, by (4), the network service process for the multi-hop
relying scheme is characterized by

S′′ (0, t) , (S′′1 ⊗ S′′2 ⊗ · · · ⊗ S′′k ) (0, t) .

According the definition of effective capacity, we have

CS′′ (−θ) , − lim
t→∞

logMS′′1 ⊗S′′2 ⊗···⊗S′′k (θ, 0, t)
θt

. (25)

It is worth mentioning that, since (min,+) convolution is involved for charac-
terizing the concatenated service in network densification, it is intractable to derive
the closed-form expression for the effective capacity. Thus, we will use upper and
lower bounds to characterize the effective capacity of network densification. For the
sake of tractability, we in what follows consider homogeneous settings for network
densification, i.e., γi = k−1γ and li = k−1L for all 1 ≤ i ≤ k, and we derive the
closed-form upper and lower bounds on the effective capacity.

Based on the Nakagami-m fading characteristic of the mm-wave channel, the
lower bound and upper bound on R∗S′′ (θ) are given in Theorem E.2.

Theorem E.2. For homogeneous network densification with k independent hops,
given θ > 0, the maximum effective bandwidth is upper bounded as

R∗S′′ (θ) ≤ −
k

θ
log
((

MLα

γkα−1

)M
U

(
M, 1 +M − ηθ

k
,
MLα

γkα−1

))
,

and it is lower bounded as

R∗S′′ (θ) ≥ −
1
θ

log
((

MLα

γkα−1

)M
U

(
M, 1 +M − ηθ, MLα

γkα−1

))
.

Proof. Please refer to Appendix H.4.

As we can see in Theorem E.2, the upper bound meets the lower bound when
k = 1, and the resulting maximum effective bandwidth is reduced to the closed-form
expression for single-hop mm-wave networks.
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E.4 Effective Capacity of the Hybrid Scheme

The effective capacity of the hybrid scheme is obtained as

CS (−θ) = − lim
t→∞

m∑
i=1

logMSi,1⊗···⊗Si,ki (θ, 0, t)
θt

, (26)

where we assume m independent paths and ki relay nodes on the ith path (1 ≤ i ≤
m).

Again, for tractability, we consider homogeneous settings for the hybrid scheme.
That is, given m ≥ 1 independent paths and k ≥ 1 relay nodes per path, such that
m · k = n (m or k is a divisor of n, equivalently), we assume that γi,j = n−1γ and
li,j = k−1L for all 1 ≤ i ≤ m and 1 ≤ j ≤ k. Then, in the following analysis, we
derive the upper and lower bounds on the effective capacity.

Similarly, based on the Nakagami-m fading characteristic of the mm-wave chan-
nel, the lower bound for R∗S (θ) is presented in the following theorem.

Theorem E.3. For the homogeneous hybrid scheme with m independent paths and
k = n/m relay nodes per path, given θ > 0, the maximum effective bandwidth is
upper bounded as

R∗S (θ) ≤ −n
θ
· log

((
M (mL)α

γnα−1

)M
U

(
M, 1 +M − ηθ

k
,
M (mL)α

γnα−1

))
,

and it is lower bounded as

R∗S (θ) ≥ −m
θ
· log

((
M (mL)α

γnα−1

)M
U

(
M, 1 +M − ηθ, M (mL)α

γnα−1

))
.

Proof. The theorem is immediately concluded by straightforwardly applying the
variable substitution for Theorem E.1 and Theorem E.2, and the details are omitted
for brevity.

From Theorem E.3, we can find that traffic dispersion and network densification
can be treated as two extreme cases of the hybrid scheme, i.e., corresponding to
m = n andm = 1, respectively. Whenm = n, Theorem E.3 reduces to Theorem E.1.

F Performance Evaluation

In this section, we provide numerical results for the probabilistic end-to-end de-
lay bound and effective capacity discussed in Sec. C and D, respectively. Through
simulations, we firstly validate the derived bounds for probabilistic delay and ef-
fective capacity, where the respective advantages of traffic dispersion and network
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densification are evaluated and discussed4. Subsequently, for the hybrid scheme (in-
cluding traffic dispersing and network densification), the factors and conditions for
achieving low-latency mm-wave communications are extensively studied.

For fairness considerations, the homogeneous settings presumed in Sec. D are ap-
plied. The general system configurations are summarized as follows: the bandwidth
is allocated with B = 500 MHz, the path loss exponent α = 2.45, Nakagami-m
parameter M = 3, and the source-destination distance L = 1 km.

F.1 Bound Validation

The violation probabilities of delay for traffic dispersion and network densification
are illustrated in Fig. 1.3, where the sum transmit power is γ = 85 dB and the
arrival rate is ρ = 2 Gbps. In Fig. 1.3a, for both cases n = 2 and n = 4, the
probabilistic delay bound derived in Corollary D.1.1 accurately characterizes the
slope of the simulated result. We notice that, although the violation probability of
delay decreases as the number of independent paths grows, i.e., n increasing from
2 to 4, the resulting improvement is not remarkable under the given sum powerγ
and arrival rate ρ. Likewise, in Fig. 1.3b, the bound by Corollary D.2.1 is also able
to well predict the decaying rate of violation probability. However, in contrast to
the traffic dispersion scheme, increasing the relay density (equivalently, increasing
the number of relays) can significantly decrease the probabilistic delay.

Fig. 1.4 illustrates the effective capacity for traffic dispersion and network den-
sification, with respect to the sum power γ varying from 50 dB to 100 dB and a
given QoS exponent θ = 2. Clearly, the derived lower and upper bounds of effec-
tive capacity in Theorem E.2 for network densification are quite close. Thus, those
bounds are capable of capturing the actual effective capacity by network densifica-
tion well. We find that traffic dispersion exhibits remarkable advantages when the
sum power is high (the resulting effective capacity dramatically increases with γ),
while the network densification scheme adversely outperforms its counterpart when
having lower sum power, e.g., γ ≤ 80 dB. Furthermore, for traffic dispersion, the
gain achieved by elevating n becomes increasingly significant only when γ is high.
However, for network densification the gain achieved by increasing n is relative
steady. The findings above indicate that the benefit of traffic dispersion diminishes
when the sum transmit power or the number of independent paths decreases. In
this sense, the network densification is a better option for the scenarios with sparser
relay deployment and lower sum power budget, and this insight is also in line with
the results by comparing Fig. 1.3a and Fig. 1.3b.

4Two extreme cases, i.e., traffic dispersion and network densification, are considered only
for simplifying comparison, and comprehensive results regarding the generic hybrid scheme are
presented afterwards.
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(a) traffic dispersion
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(b) network densification

Figure 1.3: Violation probability εw vs. targeted delay bound w for two different
schemes, where ρ = 2 Gbps and γ = 85 dB.



F. Performance Evaluation 175

50 60 70 80 90 100
0

1

2

3

4

5

6

7

8

Figure 1.4: Effective Capacity C (−θ) vs. sum transmit power γ for two transmission
schemes, where QoS exponent θ = 2. Here, U.B. and L.B. stand for “upper bound”
and “lower bound”, respectively.

F.2 Simulation and Discussion

Including two extreme cases, i.e., traffic dispersion (m = n) and network densifica-
tion (m = 1), the effective capacity of the hybrid scheme with 1 ≤ m ≤ n for given
n = 12 is illustrated in Fig. 1.5, where the QoS exponent is θ = 2, and the sum
transmit power γ varies from 70 to 90 dB. Due to the fact that the closed expression
of the effective capacity for tandem networks cannot be obtained, we here again use
lower and upper bounds in Theorem E.3 to characterize the effective capacity of the
hybrid scheme. It can be seen that, with a lower sum power, e.g., γ = 70 dB, the ef-
fective capacity decays when m grows, and this observation indicates the advantage
of network densification for the scenarios with a lower sum power budget. However,
when γ becomes higher, we can see that the effective capacity increases first and
decreases subsequently. For instance, the maximum effective capacity is achieved at
m = 2 in the presence of γ = 75 dB. In this case, the best solution to minimize the
end-to-end delay is to assign two independent transmission paths for traffic disper-
sion and five relay nodes per path. It is easy to see that traffic dispersion becomes
the dominant contributor to the effective capacity when γ increases, and this ten-
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Figure 1.5: Effective capacity C (−θ) vs. number of independent paths m for the
hybrid scheme with respect to θ = 2 and n = 12, where the number of independent
paths is m = 1, 2, 3, 4, 6 or 12.

dency can be observed from the increase of the optimal number of paths. In light of
the above findings, the hybrid scheme with proper configurations, i.e., the proper
numbers of independent paths and hops per path, respectively, should be carefully
considered to maximize the effective capacity. Also, the respective strengths of traf-
fic dispersion and network densification revealed by Fig. 1.5 coincide with that from
Fig. 1.4.

Coming back from effective capacity to probabilistic delay, the targeted delay
tolerances versus different arrival rates for three transmission schemes i.e., traffic
dispersion (m = 12), network densification (m = 1) and the hybrid scheme (m = 3),
are provided in Fig. 1.6, where tolerance is given as εw = 10−3. For both groups in
terms of different γ, clearly, the targeted delay exponentially increases when the ar-
rival rate increases. These drastic growths result from the higher service utilization.
That is, the arrival rate approaches the limiting service capability. Besides, compar-
ing the three transmission schemes, the respective advantages demonstrated here
coincide with the conclusions drawn from Fig. 1.5. From the perspective of proba-
bilistic delay, we can conclude that it is critical to consider the arrival rate and the
proper transmission scheme jointly to reduce the delay.
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Figure 1.6: Probabilistic delay w vs. arrival rate ρ for traffic dispersion, network
densification and the hybrid scheme, respectively, with respect to violation proba-
bility εw = 10−3, where n = 12.

G Conclusions

We have considered traffic dispersion and network densification for low-latency mm-
wave communications, and have investigated their end-to-end delay performance.
We have also proposed a hybrid scheme to further reduce latency in certain sce-
narios. Based on MGF-based stochastic network calculus and effective capacity
theory, respectively, we have derived performance bounds for probabilistic delay
and effective capacity for the three schemes, which have been validated through
simulations. These results have demonstrated that, given the sum power budget,
traffic dispersion, network densification, and the hybrid scheme show different po-
tential in different scenarios for low-latency mm-wave communications. In addition,
increasing the number of independent paths or the number of relays for network
densification is always advantageous for reducing the end-to-end communication
delay, while the performance gain heavily relies on the density of arrival traffic
and the sum power budget, jointly. Thus, it is crucial to select the proper scheme
according to the given arrival traffic and service capability.
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H Appendices

H.1 Proof of Theorem D.1
We start with deriving the upper bound for MAi,S′i

:

MAi,S′i
(θ, s, t)

(a)
≤

min(s,t)∑
u=0

µt−ui (θ)ψs−ui (θ) (b)= µt−si (θ)
s∑

v=τ
(µi (θ)ψi (θ))v

(c)
≤µt−si (θ)

∞∑
v=τ

(µi (θ)ψi (θ))v = µt−si (θ) (µi (θ)ψi (θ))τ

1− µi (θ)ψi (θ) , (27)

where τ , max {s− t, 0}. Here, inequality (a) is obtained by plugging (14) and
(15) into (8). By performing the change of variable, i.e., v = s − u, equality (b)
is achieved. In (c), we let s go to infinity. In the final step, the geometric sum
converges only when µi (θ)ψi (θ) < 1 holds for certain θ.

By the definition of W (t), it is easy to obtain that

Pr (W (t) ≥ w) ,Pr
(

max
1≤i≤m

{Wi (t)} ≥ w
)

(d)= 1−
m∏
i=1

(1− Pr (Wi (t) ≥ w))

(e)
≤1−

m∏
i=1

(
1− inf

θi>0
MAi,S′i

(θi, t+ w, t)
)

(f)
≤ 1−

m∏
i=1

(
1− inf

θi>0

{
ψwi (θi)

1− µi (θi)ψi (θi)

})
,

where the independence assumption among distinct paths is used to derive (d), and
inequality (e) applies the (9), and (f) follows from (27).

In addition, we notice that Pr (W (t) ≥ w) ≤ 1 holds for any w ≥ 0, then the
theorem is concluded.

H.2 Proof of Theorem D.2
Applying (17) in (7), the MGF of k-hop network service process can be characterized
as

MS′′ (θ, s, t) ,MS′′1 ⊗···⊗S′′k (θ, s, t) ≤
∑∑k

i=1
πi=t−s

k∏
i=1

φπii (θ) .

Then, it is easy to obtain that

MA,S′′ (θ, s, t) ≤
min(s,t)∑
u=0

µt−s (θ)
∑

k∑
i=1

πi=s−u

k∏
i=1

φπii (θ)
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=µt−s (θ)
s∑

v=τ

∑
k∑
i=1

πi=v

k∏
i=1

(µ (θ)φi (θ))πi

≤µt−s (θ)
∞∑
v=τ

∑
k∑
i=1

πi=v

k∏
i=1

(µ (θ)φi (θ))πi , (28)

where τ , max {s− t, 0}.
Similar to Theorem D.1, we notice that the stability condition, i.e., µ (θ)φi (θ) <

1 for all 1 ≤ i ≤ k, needs to be satisfied to guarantee the convergence of (28).
Regarding the convergence, it is easy to show that, once the stability condition is
met, we have µ (θ) φ̂ (θ) < 1 equivalently, where φ̂ (θ) , max1≤i≤k {φi (θ)}. In this
case, we obtain that

∑
k∑
i=1

πi=v

k∏
i=1

(µ (θ)φi (θ))πi ≤
∑
k∑
i=1

πi=v

(
µ (θ) φ̂ (θ)

)∑k

i=1
πi
.

According to combinatorics properties, we notice that

∞∑
v=τ

∑
k∑
i=1

πi=v

(
µ (θ) φ̂ (θ)

) k∑
i=1

πi

=
∞∑
v=τ

(
µ (θ) φ̂ (θ)

)v ∑
k∑
i=1

πi=v

1

=
∞∑
v=τ

(
k − 1 + v

v

)(
µ (θ) φ̂ (θ)

)v
≤
∞∑
v=0

(
k − 1 + v

v

)(
µ (θ) φ̂ (θ)

)v
=
(

1− µ (θ) φ̂ (θ)
)−k

.

Therefore, we can demonstrate that, MA,S′′ (θ, s, t) is convergent if the stability
condition holds, since

MA,S′′ (θ, s, t) ≤ eθσ(θ)µt−s (θ)
(

1− µ (θ) φ̂ (θ)
)−k

<∞.

Finally, with respect to (9), the theorem then can be concluded by letting s = t+w.

H.3 Proof of Theorem E.1
We define the function y (r) , logE

[
(1 + rX)−z

]
for r > 0, where X represents a

positive random variable and z is any positive number. Then, the first derivative
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of y (r) with respect to r, written by y′ (r), is obtained as

y′ (r) = −
zE
[
(1 + rX)−(z+1)

X
]

E
[
(1 + rX)−z

] < 0.

Besides, the second derivative of y (r) with respect to r, written by y′′ (r), is obtained
as

y′′ (r) = 1
E2
[
(1 + rX)−z

] ·(zE[ X2

(1 + rX)z+2

]
E
[

1
(1 + rX)z

]

+ z2

(
E

[
X2

(1 + rX)z+2

]
E
[

1
(1 + rX)z

]
− E2

[
X

(1 + rX)z+1

]))

= 1
E2
[
(1 + rX)−z

] ·(zE[ X2

(1 + rX)z+2

]
E
[

1
(1 + rX)z

]

+ z2

(
E

[
X2

(1 + rX)z+2

]
E
[

1
(1 + rX)z

]
− E2

[
X

(1 + rX)
z
2 +1 ·

1
(1 + rX)

z
2

]))

≥
zE
[
(1 + rX)−(z+2)

X2
]
E
[
(1 + rX)−z

]
E2
[
(1 + rX)−z

] > 0,

where the last line is obtained by applying the Cauchy–Schwarz inequality, i.e.,
E2 [AB] ≤ E

[
A2]E [B2] for random variables A and B. Since y′ (r) < 0 and

y′′ (r) > 0, it is shown that y (r) is a monotonically decreasing and strictly convex
function with respect to r > 0.

Applying Jensen’s inequality, we immediately have

m∑
i=1

logE
[(

1 + γiξ

Lα

)−ηθ]
≥ m logE

(1 +
m∑
i=1

γiξ

Lα

)−ηθ ,
where the equality is achieved if and only if γi = γj , m−1γ holds for all 1 ≤ i, j ≤
m. Thus, we can easily obtain, following the same lines as above, that

R∗S′ (θ) ≤ −
m

θ
logE

[(
1 + γξL−α

)−ηθ]
,

and the proof is completed by applying (13).
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H.4 Proof of Theorem E.2
For the upper bound, by the definition of S′′ (0, t), we have

S′′ (0, t) ≤ min
1≤i≤k

{S′′i (0, t)} ≤ 1
k

k∑
i=1

S′′i (0, t) .

Then, for MS′′ (θ, 0, t), we have

MS′′ (θ, 0, t) ≥E
[

exp
(
− θ
k

k∑
i=1

S′′i (0, t)
)]

= E

[
k∏
i=1

exp
(
− θ
k
S′′i (0, t)

)]

=
(
E

[
exp

(
− θ
k

t−1∑
k=0

C
′′(k)
i

)])k
=

E

(1 + ξi

(γ
k

)(L
k

)−α)− ηθk kt

=
((

MLα

γkα−1

)M
U

(
M, 1 +M − ηθ

k
,
MLα

γkα−1

))kt
,

Finally, the upper bound on R∗S′′ (θ) can be obtained as

R∗S′′ (θ) ≤ −
k

θ
log
((

MLα

γkα−1

)M
U

(
M, 1 +M − ηθ

k
,
MLα

γkα−1

))
.

For the lower bound, based on (25) and the homogeneous settings, we have the
upper bound on MS′′ (θ, 0, t) as

MS′′ (θ, 0, t) ≤
∑∑k

i=1
πi=t

k∏
i=1

(
E
[(

1 + ξiγil
−α
i

)−ηθ])πi
=
(
E
[(

1 + ξkα−1γL−α
)−ηθ])t ∑∑k

i=1
πi=t

1

=
(
t+ k − 1
k − 1

)(
E
[(

1 + ξkα−1γL−α
)−ηθ])t

,

where the second line is achieved due to the uniformly allocated transmit power
(normalized) and the identical length of each hop. Therefore, the lower bound for
R∗S′′ (θ) can be obtained as

R∗S′′ (θ) ≥ lim
t→∞

log
((

t+k−1
k−1

) (
E
[(

1 + ξkα−1γL−α
)−ηθ])t)

−θt

≥
logE

[(
1 + ξnα−1γL−α

)−ηθ]
−θ

− lim
t→∞

log (t+k−1)n−1

(k−1)!

θt
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=
logE

[(
1 + ξkα−1γL−α

)−ηθ]
−θ

,

where the inequality in the second line uses the property that(
N

k

)
≤ Nk

k! ,

for any integers N ≥ k ≥ 0.
Therefore, the maximum effective bandwidth for the network densification scheme

is lower bounded by

R∗S′′ (θ) ≥−
1
θ

logE
[(

1 + ξkα−1γL−α
)−ηθ]

=− 1
θ

log
((

MLα

γkα−1

)M
U

(
M, 1 +M − ηθ, MLα

γkα−1

))
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Abstract

Heterogeneous network (HetNet) is a key enabler to largely boost network
coverage and capacity in the forthcoming fifth-generation (5G) and beyond.
To support the explosively growing mobile data volumes, wireless communica-
tions with millimeter-wave (mm-wave) radios have attracted massive atten-
tion, which is widely considered as a promising candidate in 5G HetNets. In
this article, we give an overview on the end-to-end latency of HetNets with
mm-wave communications. In general, it is rather challenging for formulating
and optimizing the delay problem with buffers in mm-wave communications,
since conventional graph-based network optimization techniques are not appli-
cable when queues are considered. Toward this end, we develop an adaptive
low-latency strategy, which uses cooperative networking to reduce the end-to-
end latency. Then, we evaluate the performance of the introduced strategy.
Results reveal the importance of proper cooperative networking in reducing the
end-to-end latency. In addition, we have identified several challenges in future
research for low-latency mm-wave HetNets.

A Introduction

A.1 Background and Motivation
To significantly improve the spectral efficiency and throughput, future wireless net-
works, e.g., the fifth-generation (5G) mobile network and beyond, are expected to
be largely implemented in the heterogeneous manner, i.e., heterogeneous networks
(HetNets) [ZZM+15]. In HetNets, diverse wireless applications, facility configura-
tions, radio access techniques (RAT), and quality-of-service (QoS) requirements are
supported.

With the proliferation of electronic devices and the rapid development of com-
puter science, the traffic load of wireless communications increases continuously
and tremendously. To meet the ever-increasing requirements in capacity, one of the
most important technologies is millimeter wave (mm-wave), which enables multi-
gigabits per second (Gbps) transmission rates, thanks to the abundant spectral
resources [RSM+13]. Different from conventional mobile communications in sub-
6 GHz bands, due to the short wavelength of mm-wave radio, it is easy to integrate
tens-to-hundreds of antenna elements onto a small-size chip with lower costs. The
resulting high directivity not only provides a higher antenna gain for combating the
severe path loss in mm-wave bands, but also increases the spatial reuse [XMH+17].
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Besides, due to the fast attenuation of mm-wave signals, the communication dis-
tance is commonly limited to short ranges, e.g., 150 to 200 meters. Thus, the inter-
cell interference between neighboring small cells is commonly negligible.

In light of above, we notice that mm-wave can be flexibly utilized for diverse de-
vices and network architectures to boost the the coverage and the spectral efficiency.
Thus, mm-wave communications has been extensively considered as a promising
candidate in HetNets in 5G mobile networks and beyond, and research from vari-
ous aspects has been massively conducted, e.g., [MJA+17, MHR+17]. It is known
that, in future mobile communications, latency plays a critical role in the QoS.
However, low latency becomes a rather challenging task in 5G mm-wave HetNets,
due to the following two facts:

• Buffers will be used in 5G to handle the unprecedentedly heavy traffic, while
the queuing delay may seriously deteriorate the QoS in 5G.

• Diverse RATs and/or architectures of HetNets make it rather difficult to per-
form networking optimizations for lower latency.

Therefore, it is those open challenges that motivate us to investigate the low.latency
mm-wave HetNets with buffers in this paper.

A.2 Low-Latency Communications

As aforementioned, to support massive and various delay-sensitive applications,
low latency as an important QoS feature needs to be satisfied in future wireless
communications [SMS+17]. In 5G networks, the end-to-end latency requirement
will be on the order of 1 to 5 milliseconds (ms) [ABC+14], which is more stringent
than that in 3G and 4G LTE systems. Thus, it is rather challenging for fulfilling
ultra-low latency in future mobile communications.

In the past few years, many efforts have been devoted to low-latency commu-
nications. In [TS15], for ultra-low latency inter-BS communications, the technical
challenge and possible solution of point-to-multipoint in-band mm-wave backhaul
for 5G networks were studied. In [FZM+17], focusing on three critical higher-layer
aspects, i.e., core network architecture, protocols at the medium access control
(MAC) layer, and congestion control policy, the main challenges and potential so-
lutions for ultra-low latency 5G cellular networks were comprehensively surveyed
and discussed. For mm-wave MIMO systems, from the perspective of training time
in hybrid beamforming, a novel algorithm based on progressive channel estimation
was developed in [CLW16]. In [YXG+16], the upper bound on the probabilistic
delay was proposed to keep the track of the latency of point-to-point buffer-aided
systems with mm-wave.

Considering the unprecedented data volumes in 5G networks, large buffers are
usually applied at the transceivers. It is known that, for wireless systems with
buffers, the queuing delay dominantly affects the overall system latency [KR09].
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Therefore, for buffer-aided HetNets, it is crucial to realize the ultra-low latency by
largely reducing the queuing delay.

A.3 Low-Latency HetNets with Buffer
Although many remarkable progresses have been achieved, it is still an open and
challenging topic on reducing the end-to-end latency in buffer-aided HetNets. The
major difficulty lies in the incorporation of buffers, which makes the problem differ
a lot from the conventional latency minimization problems. More exactly, in the
presence of buffers, the end-to-end latency relies not only on the capacity of each
link, but also on the arriving sequence and queuing state at the buffer. In this sense,
the end-to-end latency for buffer-aided networks cannot be simply formulated as
a conventional graph-based network optimization problem [YDX15, Ber98], e.g.,
shortest path problem, max-flow problem or min-cost flow problem. To the best of
our knowledge, the latency minimization problem of the buffer-aided HetNet has
not been studied previously.

In this article, we introduce an adaptive strategy for HetNets with buffers, where
the cooperative networking is applied. Specifically, we restrict ourselves to a HetNet
that consists of one micro cell, two small cells and one user. Results show that the
proper cooperative networking plays a critical role in minimizing the end-to-end
latency, and our work provides an insight for optimizing future HetNets.

The remainder of this article is organized as follows. In Sec. B, we present the
system architecture for 5G HetNets with mm-wave communications, and elabo-
rately discuss several potential scenarios in downlink communications. In Sec. C,
we develop an adaptive strategy for minimizing the latency of downlink transmis-
sion, based on cooperative networking. In Sec. D, we evaluate the performance of
the introduced adaptive low-latency strategy, which indicates the importance of
proper cooperative networking. In Sec. E we identify several technical challenges in
future research, and we summarize our work in Sec. F.

B HetNets with mm-wave Communications

A HetNet commonly consists of a macro-cell evolved NodeB (MeNB) and multiple
small-cell evolved NodeBs (SeNBs). The MeNB is deployed to guarantee wide-
range and seamless coverage, while the SeNBs, e.g., pico, femto, and relay eNBs,
are deployed to increase the overall system throughput. In the HetNet with mm-
wave communications, as illustrated in Fig. 1.1, the SeNB is connected to other
SeNBs or the MeNB via mm-wave backhaul. The user equipment (UE) gets service
from the SeNB via the mm-wave access if it is located in any small cell, and it
communicates with the MeNB using microwave radios, otherwise. Thus, for link
robustness considerations, dual bands, i.e., mm-wave and microwave bands, are
supported at both the MeNB and the UE. It is also possible to have communications
working in mm-wave and microwave bands simultaneously, where eleven distinct
scenarios need to be considered (with or without the MeNB-UE connection). For
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Figure 1.1: Illustration of heterogeneous networks (HetNets) with millimeter-wave
(mm-wave) and microwave communications.

analytical simplicity, in this paper, we assume that the UE can only work in either
mm-wave bands or microwave bands. In other words, the UE cannot simultaneously
connect to the MeNB via the mm-wave link and to the SeNBs via the microwave
link.

In what follows, for simplifying illustration, we specifically consider a HetNet
that consists of one MeNB, two SeNBs and one UE. In such a network, there are
several potential scenarios for downlink transmission from the MeNB to the UE, as
illustrated in Fig. 1.2. These scenarios are elaborated on and discussed as follows:

Scenario 1: The UE belongs to neither of the small cells, and it is served by the
MeNB via microwave radios, as shown in Fig. 1.2a. In this scenario, thanks
to the direct connection between the MeNB and the UE, there is no extra
queuing delay caused by any intermediate node. However, due to the limited
bandwidth in microwave bands, the smaller channel capacity (compared to
that in mm-wave bands) may produce a larger latency.

Scenario 2: As shown in Fig. 1.2b, the UE communicates with SeNB 2 via the
mm-wave access, and SeNB 2 directly connects to the MeNB via the mm-wave
backhaul. Thus, a two-hop network is formed. Unlike Scenario 1, in spite
of two hops, the end-to-end latency can be largely reduced mainly thanks to
mm-wave links.

Scenario 3: Slightly different from Scenario 2, in Fig. 1.2c, mm-wave backhauls
MeNB–SeNB 1 and SeNB 1–SeNB 2 are available, while there is no direct
connection between the MeNB and SeNB 2. Thus, the downlink communi-
cation is fulfilled through a three-hop network, following the routing MeNB–
SeNB 1–SeNB 2–UE.
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(a) Scenario 1 (b) Scenario 2

(c) Scenario 3 (d) Scenario 4

(e) Scenario 5 (f) Scenario 6

Figure 1.2: Potential scenarios for a HetNet with mm-wave communications, where
one MeNB, two SeNBs and one UE are considered.
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Scenario 4: As shown in Fig. 1.2d, mm-wave backhaul transmissions are avail-
able only for MeNB–SeNB 1 and SeNB 1–SeNB 2. Besides, the UE emerges
in the overlapped region of two neighboring small cells, i.e., edge UE, such
that it can get served by both SeNB 1 and SeNB 2 via respective mm-wave
access, simultaneously. Compared to Scenario 3, the difference lies in the
UE’s association to SeNB 1. In this scenario, the original data traverses from
MeNB to SeNB 1. Then, the received traffic at SeNB 1 is divided into two
parts: one fraction is directly delivered to the UE from SeNB 1, and the other
fraction is delivered to the UE via SeNB 2. Thus, SeNB 2 actually works as
a cooperative node, namely, coordinator, which helps SeNB 1 to offload and
forward the traffic.

Scenario 5: For the edge UE emerging in the overlapped region of two neighboring
small cells, if mm-wave backhauls between the MeNB to both SeNBs are
available, while SeNBs cannot communicate with each other, then Scenario 4
becomes Scenario 5. In this scenario, the original data traffic is partitioned
into two parts at MeNB, which reach the UE via two SeNBs, respectively.

Scenario 6: For the edge UE emerging in the overlapped region of two neighboring
small cells, if all mm-wave backhauls, i.e., MeNB–SeNB 1, MeNB–SeNB 2,
and SeNB 1–SeNB 2, are available, then Scenario 4 or Scenario 5 becomes
Scenario 6. In this scenario, the data traffic may be partitioned and real-
located at the MeNB and SeNB 1, and SeNB 2 as the coordinator is only
responsible for merging and forwarding the potential incoming traffic.

For Scenarios 4 to Scenario 6, we notice that there exists the process data
splitting and merging. These processes correspond to the fork-join system [Che11] in
practice, where the data can be correctly recovered at the UE with synchronization
constrains for file transfer.

C Adaptive Low-Latency Strategy Based on Cooperative
Networking

C.1 Adaptive Low-Latency Strategy
Normally, the MeNB plays the role of “decision maker” or “controller” on the control
plane in the HetNet, which determines the networking scheme according to the
collected information from SeNBs and the UE. Subsequently, the MeNB, SeNBs and
the UE follow the decision distributed from the MeNB, such that the corresponding
networking is performed afterwards on the data plane.

We in this section develop an adaptive low-latency transmission strategy in a
HetNet with mm-wave communications, which gives the optimal networking scheme
according to the acquired channel information. The adaptive strategy is illustrated
in Fig. 1.3, where first-in-first-out (FIFO) queues are used for the buffer-aided
HetNet. We can see that there are two planes in the HetNet, namely, the control
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Figure 1.3: Diagram of adaptive low-latency strategy, where first-in-first-out (FIFO)
queues are used for the buffer-aided HetNet.

plane and the data plane. The control plane is responsible for collecting the channel
information, directing the networking scheme, and arranging the traffic allocation,
where only control signals are operated in this plane. The data plane is only used
for data transmission, where all operations are performed under the received control
signals. Based on the UE’s information, the MeNB will judge if the UE belongs to
either small cell. If the UE is outside both small cells, then the MeNB decides to
fulfill the downlink transmission in microwave bands. Otherwise, the MeNB needs
to design a networking scheme, where the SeNB(s) will potentially participate in
the networking. As shown in Fig. 1.3, data traffic can be partitioned through the
traffic splitter, or combined through the traffic merger, under the guidance of the
controller. Note that, if the mm-wave backhaul between two SeNBs is available,
the controller will consider not only the proper traffic load allocated onto this mm-
wave backhaul, but also the proper flow direction, i.e., from SeNB 1 to SeNB 2, or
the opposite direction. Thus, both flow directions need to be considered, and the
optimal networking is finally made by comparing the potential resulting end-to-end
latency.

For i ∈ {1, 2}, we denote the channel capacity of mm-wave backhaul between
the MeNB and SeNB i by CM,Si , the channel capacity of mm-wave access between
SeNB i and the UE by CSi,U , and the channel capacity of the mm-wave backhaul
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between two SeNBs by CS1,S2 . Moreover, α ∈ A and β ∈ B represent the traffic
allocation coefficients at the MeNB and the non-cooperative SeNB, respectively,
where A ⊂ [0, 1] and B ⊂ [0, 1] are corresponding feasible sets of traffic allocation
coefficients. That is, if α (resp. β) fraction of the file is allocated onto one path,
then the left ᾱ , 1 − α (resp. β̄ , 1 − β) fraction will be allocated onto the
other path. The main idea of the algorithm is that, selecting SeNB 1 and SeNB 2
alternatively as the potential coordinator (the coordinator receives the traffic from
both the MeNB and the non-cooperative SeNB, and then forwards the data to the
UE), the algorithm traverses each feasible (α, β) in the spanned space A× B, and
computes all potential resulting end-to-end latency. Finally, the proper coordinator,
i.e., SeNB ξ with ξ = 1 or 2, can be identified, and the optimal allocation pair (α, β)
can be obtained.

The decision-making procedure at the MeNB is summarized as follows:

1. According to the information of the UE (channel information and location
information), the MeNB first judges if Scenario 1 describes the current sit-
uation. If yes, a direct transmission in microwave bands will be performed,
i.e., ξ ← ∅ and (α, β)← (∅, ∅). Otherwise, the downlink transmission requires
the participation of SeNB(s), and the MeNB performs the following steps to
make the networking decision.

2. Treating SeNB 1 as the coordinator, the MeNB computes the minimum
end-to-end latency τ∗1 and the associated optimal allocations (α∗1, β∗1), in the
presence of known CM,S1 , CM,S2 , CS1,S2 , CS1,U , CS2,U , A and B. Mean-
while, treating SeNB 2 as the coordinator, alternatively, the MeNB computes
the minimum end-to-end latency τ∗2 and the associated optimal allocations
(α∗2, β∗2), likewise.

3. Comparing τ∗1 and τ∗2 , the MeNB selects SeNB ξ with ξ ← argi∈{1,2}min τ∗i
as the coordinating SeNB, and the corresponding (α∗, β∗)←

(
α∗ξ , β

∗
ξ

)
will be

adopted for networking as the optimal traffic allocations.

Note that the end-to-end delay only depends on the routing decision and the
link capacities. Thus, the strategy proposed above can work for both multi-tier and
multi-RAT HetNets.

C.2 Traffic Allocation for Cooperative Networking
The strategy of traffic allocation for cooperative networking is shown in Fig. 1.4.
α and β denote the fractions of traffic allocated onto MeNB–SeNB 2 and SeNB 1–
SeNB 2 mm-wave backhauls, respectively (SeNB 2 is taken as the coordinator in
Fig. 1.4). Let the size of file for the downlink transmission be L units. As shown in
Fig. 1.4a, the first allocation happens at the MeNB, where αL and ᾱL units of the
file are pushed onto the mm-wave backhauls MeNB–SeNB 2 and MeNB–SeNB 1,
respectively. The second allocation happens at SeNB 1, where the received ᾱL
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(a) Illustration of traffic allocation and networking procedure for the downlink
transmission (from MeNB to UE, via SeNB(s) potentially).

(b) Abstraction of traffic allocation and networking.

Figure 1.4: Traffic allocation and networking procedure, and the corresponding
abstraction.
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units are divided into two parts, i.e., ᾱβL units and ᾱβ̄L units, for transmissions
on the mm-wave backhaul SeNB 1–SeNB 2 and the mm-wave access SeNB 1–UE,
respectively. SeNB 2 receives αL and ᾱβL units from both MeNB and SeNB 1,
and buffers them in the queue. The downlink transmission is not completed until
all units reach the UE, i.e., ᾱβ̄L, ᾱβL, and αL. An abstraction for this procedure
is illustrated in Fig. 1.4b, where w1, w2 and w3 denote component delays on three
traversing paths, respectively, and the largest one among w1, w2 and w3 defines the
end-to-end latency.

We assume that the feasible sets of traffic allocations are given asA = {α : 0 ≤ α ≤ 1}
and B = {β : 0 ≤ β ≤ 1}, respectively. Taking the potential scenarios listed in
Fig. 1.2 for example, the values for α and β are correspondingly given as follows:

• α← ∅ and β ← ∅ for Scenario 1

• α← 1 and β ← ∅ for Scenario 2

• α← 0 and β ← 0 for Scenario 3

• α← 0 and β ← β∗ ∈ (0, 1) for Scenario 4

• α← α∗ ∈ (0, 1) and β ← 0 for Scenario 5

• α← α∗ ∈ (0, 1) and β ← β∗ ∈ (0, 1) for Scenario 6

For minimizing the end-to-end latency, it is crucial to optimize α and β. Recall-
ing the abstraction in Fig. 1.4b, for the first routing, i.e., MeNB–SeNB 1–UE, the
component delay w1 can be easily formulated. However, for the second routing and
the third routing, i.e., MeNB–SeNB 1–SeNB 2–UE and MeNB–SeNB 2–UE, it is
necessary to consider the order of arrivals of two distinct file fractions at SeNB 2.
To be more precise, with FIFO queuing, the earlier arrival will be pushed onto
mm-wave access SeNB 2–UE first, and the later one may have to wait in the queue
until the earlier comer completely departs from the buffer. Comparing the arriving
order of different file fractions, we then are able to formulate component delays w2
and w3. Finally, to achieve τ∗1 ← min max {w1, w2, w3}, the MeNB traverses all fea-
sible (α, β) ∈ A × B to identify the optimal traffic allocations, i.e., (α∗1, β∗1), which
enables the minimal end-to-end latency when treating SeNB 2 as the coordinator.

It is worth mentioning that, the adaptive low-latency strategy based on cooper-
ative networking can be extended to general scenarios with more than two SeNBs,
as long as the channel information of all potential links is available for performing
the global optimization, since a high-dimensional traffic allocation vector can al-
ways be generated for optimization with the global information. However, the major
challenge with expanding size of HetNets is the computational complexity at the
MeNB, since the cost for processing the channel information of all links and per-
forming global optimization over a full-connected network (counting all potential
links) dramatically increases. In this sense, it is necessary to consider the trade-off
between the achieved latency and the computational complexity in practice. This
issue is identified as a future challenge, stated in Sec. E.
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D Performance Evaluation

In this section, we evaluate the performance of cooperative networking for HetNets
with mm-wave communications. To investigate the impacts of traffic allocation
pair (α, β), we assume deterministic settings for HetNets with mm-wave commu-
nications. That is, the channel capacities of mm-wave backhauls and accesses are
CM,S1 = 12 Gbps, CM,S2 = 8 Gbps, CS1,S2 = 7 Gbps, CS1,U = 0.8 Gbps, and
CS2,U = 2 Gbps, and the size of file for the downlink transmission is L = 2 Mb.

With different traffic allocation (α, β), the end-to-end latency is shown in Fig. 1.5,
where SeNB 1 and SeNB 2 are selected as the coordinator in Fig. 1.5a and Fig. 1.5b,
respectively. The region in dark blue represents the desired sets of feasible (α, β),
which can provide a lower end-to-end latency for downlink transmission. We can see
that, in both sub-figures, the dark blue regions emerge inside the square [0, 1]×[0, 1]
for all potential α and β, i.e., α ∈ A\{0, 1} and β ∈ B\{0, 1}. This is resulted by the
availability of mm-wave backhaul SeNB 1–SeNB 2, i.e., CS1,S2 = 7 > 0 Gbps. This
observation indicates that, if the mm-wave backhaul between SeNBs is available,
it is always beneficial to take advantages of this backhaul by properly performing
traffic allocations, and the resulting end-to-end latency can be much less than those
without traffic allocations, i.e., strategies with α ∈ {0, 1} or β ∈ {0, 1}. Further-
more, comparing Fig. 1.5a and Fig. 1.5b, we find that the minimum end-to-end
latency is 0.396 ms when SeNB 1 is treated as the coordinator, while the mini-
mum end-to-end latency is 0.426 ms when SeNB 2 is treated as the coordinator.
Therefore, it is a better choice to take SeNB 1 as the coordinator, and perform
the optimal traffic allocations at the MeNB and SeNB 2, respectively. The decision
above is finally made and will be distributed from the MeNB for the subsequent
low-latency cooperative networking.

E Challenges in Future Research

Due to the densification tendency for small cells in future HetNets, the adaptive low-
latency strategy developed in this article may face a few new technical challenges
as follows:

• We only consider two small cells in our research. However, the overhead for
collecting channel information and control signaling becomes tremendously
heavy when more small cells are incorporated.

• The performance of the proposed approach depends on the channel state
information. However, at mm-wave frequencies, it might be more difficult to
obtain the channel state information due to the severe Doppler effect when
mobility is involved. Thus, for mobile scenarios, it is a challenging task to
overcome the degradation cased by Doppler effect.

• Since the capacities of mm-wave backhauls or accesses is not infinite, it is crit-
ical to properly schedule transmissions and manage the traffic in the presence



196
Low-Latency Heterogeneous Networks with

Millimeter-Wave Communications

(a) SeNB 1 as the coordinator

(b) SeNB 2 as the coordinator

Figure 1.5: End-to-end latency with traffic allocation coefficient pairs (α, β): (a)
taking SeNB 1 as the coordinator; (b) taking SeNB 2 as the coordinator.
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of multiple UEs in the HetNet, which however is a non-trivial optimization
problem.

Thus, our future work will focus on developing a low-complexity and scalable algo-
rithm for low-latency wireless communications in HetNets with buffers.

F Conclusions

HetNets with mm-wave communications can significantly improve the network cov-
erage and capacity, to satisfy ever-increasing requirements in data rates and latency.
We have considered a HetNet consisting of one MeNB, two SeNBs and one UE, and
investigated the low-latency strategy for the downlink transmission from the MeNB
to the UE. For the HetNets with buffers, we have introduced an adaptive strategy
based on cooperative networking, which largely minimizes the latency through op-
timizing traffic allocations. Results have demonstrated that, a proper cooperative
networking is critical in reducing the end-to-end latency, thereby providing an in-
sight on traffic management and network optimization for future HetNets. Besides,
we have identified several challenges regarding cooperative communications in low-
latency HetNets to be addressed in future research.
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Traffic Allocation for Low-Latency Multi-Hop
Networks with Buffers

Guang Yang, Martin Haenggi, and Ming Xiao

Abstract

For buffer-aided tandem networks consisting of relay nodes and multiple
channels per hop, we consider two traffic allocation schemes, namely local
allocation and global allocation, and investigate the end-to-end latency of a
file transfer. We formulate the problem for generic multi-hop queuing systems
and subsequently derive closed-form expressions of the end-to-end latency. We
quantify the advantages of the global allocation scheme relative to its local allo-
cation counterpart, and we conduct an asymptotic analysis on the performance
gain when the number of channels in each hop increases to infinity. The traffic
allocations and the analytical delay performance are validated through simu-
lations. Furthermore, taking a specific two-hop network with millimeter-wave
(mm-wave) as an example, we derive lower bounds on the average end-to-end
latency, where Nakagami-m fading is considered. Numerical results demon-
strate that, compared to the local allocation scheme, the advantage of global
allocation grows as the number of relay nodes increases, at the expense of
higher complexity that linearly increases with the number of relay nodes. It
is also demonstrated that a proper deployment of relay nodes in a linear net-
work plays an important role in reducing the average end-to-end latency, and
the average latency decays as the channels become more deterministic. These
findings provide insights for designing multi-hop networks with low end-to-end
latency.

A Introduction

A.1 Background and Motivation
In many future applications, low latency is a crucial quality-of-service (QoS) con-
straint [SMS+17]. For instance, vehicle-to-everything, remote surgery, and indus-
trial control need the support of low-latency communications. Accordingly, the re-
quirement on end-to-end latency in the fifth-generation (5G) mobile network and
beyond, on the order of 1 to 5 ms, is much more stringent than that in 3G and 4G
systems [ABC+14, OBB+14]. Besides, to handle the unprecedented data volumes
and heavy traffic load in future wireless communications, large buffers are usually
used at transceivers. With these buffers, the data can be temporarily stored in a
queue, until the corresponding service is available for its delivery. The queuing delay
is defined as the waiting time of a packet in the buffer or queue before being trans-
mitted [BGH87,KR09]. For future wireless systems with buffers, the queuing delay
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becomes a key contributor to the overall latency, since the heavy network traffic
may produce significant data backlog in buffers. Thus, one of the most effective
ways for achieving lower latency is to reduce the queuing delay.

It is worth mentioning that, as one key enabler of high data-rate transmis-
sions, millimeter-wave (mm-wave) technologies have raised extensive research in-
terest and have been regarded as promising candidates in future mobile networks
[RSM+13, RRE14, XMH+17]. Motivated by the huge potential of using mm-wave
in various scenarios, in this work, we restrict ourselves to mm-wave bands to inves-
tigate the traffic allocations over multi-hop networks. In this work, we consider a
linear multi-hop network that consists of a source node, a destination node, and mul-
tiple buffer-aided relay nodes, where parallel channels in each hop are also assumed.
This network architecture is promising for future mobile networks and motivated
by the following two facts:

(i) Unlike wireless communications in sub-6 GHz bands, mm-wave radios used
in future mobile systems encounter much more severe path loss, which may
restrict the range of wireless communications. One solution to enlarge the
range of mm-wave communications is to use relay nodes. With the multi-
hop architecture, the distance between adjacent nodes is shortened, thereby
mitigating the serious path loss in mm-wave bands.

(ii) The consideration of several parallel channels in each hop mainly stems from
the application of distributed antenna systems (DAS) or remote radio heads
(RRH). Note that sharp beams are generated by the dense antenna elements
in mm-wave bands. With DAS or RRH, multiple channels can be established
between communication nodes with negligible inter-channel interference. Mul-
tiple channels in good conditions can be selected via proper channel estimation
and tracking techniques, thereby enabling higher performance for mm-wave
communications.

It is important to investigate the end-to-end latency for networks with the afore-
mentioned multi-hop multi-channel architecture. However, this system model is
rarely studied, especially when buffers are incorporated at relay nodes.

A.2 Related Works

In the past few years, numerous efforts have been devoted to the research on latency
in multi-hop networks with buffers, and remarkable progress has been reported.
In [BA09], the average end-to-end delay in random access multi-hop wireless ad
hoc networks was studied, and the analytical results were discussed and compared
with the well established information-theoretic results on scaling laws in ad hoc
networks. For an opportunistic multi-hop cognitive radio network, the average end-
to-end latency in the secondary network was studied in [DA15] by applying queuing
theoretic techniques and a diffusion approximation. In [BMP15], the queuing delay
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and medium access distribution over multi-hop personal area networks was inves-
tigated.

To reduce the end-to-end latency in multi-hop queuing systems, many works
have focused on various aspects such as the routing, scheduling, and traffic control.
Using back-pressure methods, algorithms and analysis were widely investigated
in [JJS13, JWL15, SPB16, MMT16] for low-latency multi-hop wireless networks.
For a two-hop half-duplex network with infinite buffers at both the source and
the relay node, the problem of minimizing the average sum queue length under a
half-duplex constraint was investigated in [CLY15]. Some efforts for systems with
interference incorporated have also been made in the past decade. In [LH08], sev-
eral QoS routing problems, i.e., end-to-end loss rate, end-to-end average delay, and
end-to-end delay distribution, in multi-hop wireless network were considered, where
an exact tandem queuing model was established, and a decomposition approach for
QoS routing was presented. Using a tuple-based multidimensional conflict graph
model, a cross-layer framework was established in [CLSC16], in order to investigate
the distributed scheduling and delay-aware routing in multi-hop multi-radio multi-
channel networks. Considering a multi-hop system that consists of one source, one
destination, and multiple relays, the end-to-end delay performance under a TDMA-
ALOHA medium access control protocol, with interferers forming a Poisson point
process, was investigated in [SH14], and insights regarding delay-minimizing joint
medium access control/routing algorithms were provided for networks with ran-
domly located nodes. In the recent work [PPT17], a distributed flow allocation
scheme was proposed for random access wireless multi-hop networks with multi-
ple disjoint paths, aiming to maximize the average aggregate flow throughput and
guarantee a bounded packet delay.

In spite of many significant achievements in multi-hop networks with buffers,
e.g., [LH08, AZLB16, BMP15, JZSS15], the research on the traffic allocation to
achieve low-latency transmission is rather limited. In our recent work [YXP18],
two low-latency schemes for mm-wave communications, namely traffic dispersion
and network densification, were investigated in the framework of network calculus
and effective capacity. The analysis in [YXP18] was performed for a given network
setting, i.e., fixed transmission scheme, sum power budget, and arrival rate for the
whole network, and bounding techniques were used to explore the potential for low-
latency communications. However, traffic allocations for reducing the latency were
not investigated, and the potential performance gain by optimized traffic allocations
was not quantified.

A.3 Objective and Contributions

For multi-hop networks with multiple channels in each hop, an optimized traf-
fic allocation scheme plays a crucial role when incorporating queues [CY13], since
the traffic congestion at the relay nodes due to non-optimized allocation may pro-
duce long queues, resulting in larger end-to-end latency [KR09]. Conventionally,
the method for studying low-latency networks is to transfer the objectives into net-
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work optimization problems, i.e., problems in [Ber98]. However, these graph-based
approaches do not apply to the scenarios with buffers. Therefore, it is necessary
to investigate the latency optimization problem for buffered networks in a different
way.

The main objective of our work is to develop an efficient traffic allocation scheme
for mm-wave networks that minimize the end-to-end latency. Specifically, we con-
sider a linear multi-hop buffer-aided networks with multiple channels in each hop.
The main contributions of our work are summarized as follows:

• Focusing on two traffic allocation schemes, namely, local allocation and global
allocation, we calculate the end-to-end latency for delivering a fixed-length
message from the source to the destination. Furthermore, we analytically com-
pare these two allocation schemes through the relative performance gain and
investigate the benefits of global allocation.

• For multi-hop buffered networks with multiple channels in each hop, we ex-
ploit the recursive nature of the global allocation scheme. Thus, there is no
need to search for the optimal solution in an exhaustive manner. The recursive
method introduced in this paper significantly simplifies the global minimiza-
tion of the end-to-end latency and provides insights for analyzing tandem
queuing systems. Besides, we give the overall computational complexity for
performing local or global allocations.

• Following the recursive characterization for global allocation, we present the
asymptotic relative performance gain when the number of per-hop channels
goes to infinity. Furthermore, based on traffic allocation schemes that can
be applied to generic multi-hop networks, we specifically consider a two-hop
linear mm-wave network and investigate the average end-to-end latency, with
Nakagami-m fading incorporated. We derive lower bounds of the average end-
to-end latency for two allocation schemes.

B System Model and Problem Formulation

B.1 System Model

We consider a multi-hop system, which consists of multiple buffer-aided relay nodes
and multiple channels in each hop. The first-in-first-out (FIFO) rule applies to the
queues at the buffer-aided relay nodes. As illustrated in Fig. 1.1, given n tandem
relay nodes, we label all nodes in reverse order, i.e., from the destination to the
source, to simplify the notation in the following analysis. That is, the destination
and the source are labeled as node 0 and node n+1, respectively. The hop between
node h and node h + 1 is denoted by hop h, for all h ∈ {0} ∪ [n]. In addition, we
assume there are mh channels in hop h, and we denote by Ch,k the capacity of the
kth channel in hop h for all k ∈ [mh]. We define [N ] , {1, 2, . . . , N} for any N ∈ N.
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Figure 1.1: Illustration of a multi-hop system, consisting of multiple relay nodes are
multiple channels in each hop.

Regarding the channels in each hop, as aforementioned, due to the negligible
multi-path effect and the high directivity of mm-wave beams, the small-scale fading
is very weak. We denote by Ch,k the channel capacity. First we assume no fading for
the investigation in Sec. C and Sec. D, and in Sec. E, Nakagami-m fading is added
to the model. This modeling preserves the actual main characteristics of mm-wave
channels in practice, and also provides high tractability for the following analysis.

In this work, we assume that the traffic allocation that allocates the traf-
fic to the individual channels is performed at the source and relay nodes. That
is, the traffic arriving at one node is decomposed into several fractions accord-
ing to the given allocation scheme, and those fractions are subsequently pushed
onto the channels and delivered to the next node, where each fraction is parti-
tioned again. For the traffic allocation with respect to channels in hop h, we define
αh , [αh,1, αh,2, . . . , αh,mh ] ∈ Rmh+ for all h ∈ {0} ∪ [n], which is subject to the
following constraint

‖αh‖1 ,
mh∑
i=1

αh,i = 1, (1)

where ‖ · ‖1 represents the 1-norm for vectors. The traffic allocation αh is deter-
mined by the capacities of outgoing channels, such that incoming fraction can be
accordingly chopped down and reallocated onto the respective outgoing channels.
It is worth noting that the traffic allocation αh is performed at node h+ 1.

We assume multiple parallel servers at the source node and the relay nodes (the
number of servers equals the number of outgoing channels), such that fractions can
be transmitted over the different channels at the same time. This model follows a
special variant of general fork-join systems [FJ16,RPC16] (with a synchronization
constraint), where all tasks of a job start execution simultaneously, and the job is
completed when the final task leaves the system. Relay nodes are full-duplex but
only equipped with a single buffer such that the data reception and transmission
can be performed at the same time and the received fractions leave the buffer one
by one. At each relay node, one fraction is not served (chopped into smaller frac-
tions and forwarded to the next node) until it is completely received. In future
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mobile networks, the capacity of mm-wave channels can reach multi-gigabits per
second and the packet size (referred to as the file size in this study) is around sev-
eral kilobits or megabits at most [3GP17], and hence the latency is of the order of
milliseconds or even smaller. In this sense, compared to the scheme that allows to
receive and transmit a fraction simultaneously, the setting that a fraction has to be
received entirely before it can be forwarded over the next hop definitely produces
higher latency (but not significantly), while avoiding the potential interference in-
duced by simultaneous transmission and reception. Furthermore, we assume that
the file is infinitely divisible, i.e., any fraction can be divided into smaller pieces
with arbitrarily small size. Aiming to investigate the limits of low latency, we as-
sume infinite divisibility throughout our work for theoretical purposes. However,
for communication systems in practice, there always exists an atomic unit for con-
stituting packets, such that a file cannot be infinitely divisible. Hence, the delay
performance obtained in this work is degraded if the practical constraint of finite
divisibility is incorporated. It is worth mentioning that the assumption of infinite
divisibility does not imply a fluid-flow model (although it is one of the typical fea-
tures), since there are two phases, i.e., fraction reception and fraction transmission,
at any intermediate node, rather than following the continuous manner in fluid-flow
models.

B.2 Problem Formulation
For the transmission from the source to the destination, we consider two traffic
allocation schemes, namely, local traffic allocation and global traffic allocation. To
simplify the exposition,Mlocal andMglobal are used to denote the local and global
allocation scheme, respectively, which are described as follows.

• Mlocal: Node h for all h ∈ [n+ 1] only has the capacity information of the
channels in hop h−1. The traffic allocation performed at node h only optimizes
the transmission over channels in hop h − 1. This scheme ensures that the
latency in the local hop is minimized, but is oblivious to the traffic allocations
in other hops.

• Mglobal: Node h for all h ∈ [n+ 1] has the entire capacity information of all
channels from hop 0 to hop h− 1. The traffic allocation performed at node h
not only relies on channels in hop h − 1, but also relies on channels in the
remaining hops, i.e., from hop 0 to hop h − 1. This scheme minimizes the
latency through h hops.

The definition of the end-to-end latency in our study is given as follows:

Definition B.1 (End-to-End Latency). Given traffic allocations {αh}, h ∈ {0} ∪
[n], for all hops, the end-to-end latency τn

(
αn, αn−1, . . . , α0

)
(also written as τn

in the sequel for notional simplicity) of the tandem queuing system with n relay
nodes is defined as the time to deliver one fixed-length file of size 1 (without loss of
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generality) from the source to the destination1, describing the time span from the
moment the source starts transmission to the moment all fractions are received at
the destination.

The definition above indicates that the latency takes into account both the time
of traversing the wireless channels (service time) and the time of queuing in buffers
(waiting time) at the relays. For exposition, we consider a simple network as an
example to illustrate the end-to-end latency and the difference betweenMlocal and
Mglobal, where n = 1, m1 = 2, and m0 = 1. In this specific network, traffic alloca-
tion α1 , [α1,1, α1,2] is performed over hop 1, while there is no traffic allocation over
hop 0, i.e., α0 = 1. The service time for fraction αi,j over the channel with capacity
Ci,j is characterized by their quotient, i.e., αi,jC−1

i,j . It is worth noting that, due to
the adoption of buffer at node 1, the arrival order of different fractions should also
be taken into account. Hence, in addition to the service time, the potential waiting
time for the latter incoming fraction also contributes to the end-to-end latency τ2.
Then τ2 is obtained as

τ2 (α1, α0) =
{

max
{
C−1

0,1 + α1,1C
−1
1,1 , α1,2

(
C−1

0,1 + C−1
1,2
)}
, α1,1C

−1
1,1 ≤ α1,2C

−1
1,2

max
{
C−1

0,1 + α1,2C
−1
1,2 , α1,1

(
C−1

0,1 + C−1
1,1
)}
, otherwise.

(2)
From (2), we see that the end-to-end latency considered in this work is different
from those that consider either the service time or the waiting time only. Thus, the
conventional techniques for graph-based network optimization or queuing systems
are not applicable.

Since the traffic allocation only occurs at hop 1, the resulting minimization
problem regarding τ2 can be formulated as

τ∗2 = min
‖α1‖=1

τ2 (α1, α0) = τ2 (α∗1, α0) , (3)

where α∗1 representing the optimum traffic allocation differs forMlocal andMglobal.
Following the distinct mechanisms of Mlocal and Mglobal, we have:

• for Mlocal, since the channel information at the local hop is adopted for
optimization, α∗1 is obtained as

α∗1 = argmin
‖α1‖=1

max
{
α1,1C

−1
1,1 , α1,2C

−1
1,2
}
. (4)

1For generality and notational simplicity, we do not assign units to the file size and channel
capacities, i.e., they are all normalized. For a concrete network, the most suitable units can be
chosen, e.g., the file size (and, in turn, the fractions) could be measured in MB, and the capacities
in Mb/s.
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• for Mglobal, since the channel information over all hops is adopted for opti-
mization, α∗1 is obtained as

α∗1 =


argmin
‖α1‖=1

max
{
C−1

0,1 + α1,1C
−1
1,1 , α1,2

(
C−1

0,1 + C−1
1,2
)}
, α1,1C

−1
1,1 ≤ α1,2C

−1
1,2

argmin
‖α1‖=1

max
{
C−1

0,1 + α1,2C
−1
1,2 , α1,1

(
C−1

0,1 + C−1
1,1
)}
, otherwise.

(5)

Evidently, Mglobal targets to the objective function τ2 straightforwardly for opti-
mization, while Mlocal can only give a sub-optimal solution via meeting the local
optimization constraint.

It is worth noting that, when more hops and/or parallel channels on each hop are
incorporated, it is not possible to provide a closed-form expression for the end-to-
end latency (as given in (2)), since the orders of arrival of the fractions at different
nodes become rather complicated.

C Traffic Allocation for Multi-Hop Networks

In this section, we will investigate the optimized end-to-end latency. In the analysis,
the exact traffic allocations at the source and all relay nodes are presented, and
the overall computational complexity for different traffic allocation schemes are
briefly discussed subsequently. For generality, the capacities of parallel channels on
each hop are distinguished by distinct notations. For specific scenarios considering
the sum-capacity constraint, the bandwidth can be partitioned in any manner to
implement parallel channels with arbitrarily distributed capacities.

We use “big-O” notation to characterize the overall computational complexity
for Mlocal and Mglobal. The definition of the “big-O” notation is given as follows:
assuming u(x) and f(x) are functions defined on some subset X ⊂ R, O(f(x))
denotes the set of all functions u(x) such that |u(x)/f(x)| stays bounded, i.e.,

O(f(x)) ,
{
u(x) : sup

x∈X
|u(x)/f(x)| <∞

}
. (6)

Clearly, we have O (f1(x)) ⊂ O (f2(x)) if we have |f1(x)| ≤ |f2(x)| over all x ∈ X .

C.1 Latency for Networks Using Mlocal

Before deriving the minimum latency with Mlocal, we start from a single-hop sys-
tem, as shown in Fig. 1.2. To simplify the notation, we assume that there are m
channels between the source and the destination, where Ci for i ∈ [m] denotes the
capacity of the ith channel. The traffic allocation α , [α1, α2, . . . , αm] is performed
at the source node.

In the following Lemma C.1, the optimal traffic allocation at the source node is
presented, and the resulting minimum end-to-end latency for the system shown in
Fig. 1.2 is also derived.
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Figure 1.2: Illustration of a single-hop system with multiple channels between the
source and the destination.

Figure 1.3: Illustration of a two-hop network, where multiple channels are between
the source and the relay, and one channel between the relay to the destination.

Lemma C.1. Given m channels with capacity Ci for i ∈ [m] between the source
and the destination, letting αi ∈ (0, 1) denote the fraction of the traffic allocated to
the ith channel with capacity Ci, the minimum end-to-end latency is

τ∗ =
(

m∑
i=1

Ci

)−1

, (7)

achieved by αi = Ci

(∑m
i=j Cj

)−1
for all i ∈ [m].

Proof. According to the mechanism ofMlocal, we know that the minimum latency
comes from applying the optimal traffic allocation α∗, i.e.,

α∗ = argmin
‖α‖=1

max
1≤i≤m

{
αiC

−1
i

}
, (8)

which is solved as αi = Ci

(∑m
j=1 Cj

)−1
for all i ∈ [m]. Then the minimum end-

to-end latency τ∗ can be obtained by applying α∗.
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From Lemma C.1, we notice that Mlocal = Mglobal optimizes the traffic allo-
cations such that all fractions arrive at the destination at the same time. Besides,
from the perspective of the end-to-end delay, it is equivalent to having a single
channel with the sum capacity when applying Mlocal for multiple channels.

Based on Lemma C.1, the optimal local traffic allocation and the resulting
minimum latency for the multi-hop system in Fig. 1.1 are obtained in Theorem C.1.

Theorem C.1. For the tandem network in Fig. 1.1 with n relay nodes and mh

channels in the hth hop, the minimum end-to-end latency with Mlocal is

τ∗n =
n∑
h=0

(
mh∑
k=1

Ch,k

)−1

, (9)

achieved by αh,k = Ch,k (
∑mh
k=1 Ch,k)−1.

Proof. WithMlocal, the objective is to ensure that all fractions can reach the next
adjacent node simultaneously. According to Lemma C.1, in hop h the minimum
latency is w∗h , (

∑mh
k=1 Ch,k)−1.

Note that the traffic allocation is performed independently and sequentially from
hop n to hop 0. In this case, the minimum end-to-end latency can be obtained by
summing up w∗h over all h ∈ {0} ∪ [n], i.e., τ∗n ,

∑n
h=0 w

∗
h =

∑n
h=0 (

∑mh
k=1 Ch,k)−1,

when the proper local allocation scheme is applied.

According to Theorem C.1, it is not difficult to find that the end-to-end trans-
mission withMlocal is equivalent to transmitting the entire file hop by hop. Paired
with Lemma C.1, we know that all fractions are delivered from one node to the next
simultaneously, which is equivalent to combining all sub-channels in each hop as a
single channel with the sum capacity and moving the entire file through the network
without partitioning. In this case, one relay node will buffer the whole file, while the
buffers at other relay nodes remain empty. In terms of efficiency, the utilization of
buffers for the transmission is relatively low, due to the uneven distribution of file
fractions in the network. Furthermore, for networks with buffers, it is worth noting
that the end-to-end latency (see the example with respect to (2)) differs from the
non-buffered system, while the specific local scheme makes the resulting delay the
same with the non-buffered system since arrivals on each hop can reach the node
at the same time when Mlocal is applied.

C.2 Latency for Networks Using Mglobal

Prior to investigating the optimized end-to-end latency withMglobal for the multi-
hop network shown in Fig. 1.1, we consider a two-hop system shown in Fig. 1.3,
where a buffer-aided relay node is deployed between the source and the destination.
We assume m channels between the source and the relay node, and we denote by Ci
for i ∈ [m] the capacity of the ith channel. From the relay node to the destination,
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we assume that there is only one channel with capacity C0. The traffic allocation
α , [α1, . . . , αm] is performed at the source node, while no allocation is performed at
the relay node, due to the single channel between the relay node and the destination.

In the following Lemma C.2, the optimal traffic allocation at the source node
and the resulting minimum end-to-end latency for the system shown in Fig. 1.3 are
derived.

Lemma C.2. For the two-hop system shown in Fig. 1.3, the minimum end-to-end
latency is

τ∗ =

(
C−1
m + C−1

0
)m−1∏
k=1

Ck+1
(
C−1
k + C−1

0
)

1 +
m∑
i=2

i−1∏
k=1

Ck+1
(
C−1
k + C−1

0
) , (10)

achieved by

αi =

i−1∏
k=1

Ck+1
(
C−1
k + C−1

0
)

1 +
m∑
j=2

j−1∏
k=1

Ck+1
(
C−1
k + C−1

0
) . (11)

Proof. Please see Appendix H.1.

Clearly, when applying the allocation in Lemma C.2, one fraction reaches the
relay node always at the time when the previous fraction has completely left the
buffer. In contrast to the scheme in Lemma C.1, all fractions arrive at the relay node
sequentially, rather than simultaneously. Thus, the length of the resulting queue is
the length of file fraction, which is usually much smaller than that of the whole file.
It is worth mentioning that the optimum traffic allocation given in Lemma C.2 is
not unique, i.e., there exist several other solutions that achieve the same minimum
end-to-end latency.

Mglobal for a two-hop network

Assuming the sum capacity for channels between the source and the relay is fixed,
we next investigate the impact of increasing the number of channels between the
source and the relay on end-to-end latency for the two-hop network in Fig. 1.3.

Given a fixed sum capacity, it is evident that τ∗ depends on the individual
capacities Ci for i ∈ [m]. We will study the best channel capacity allocation for
minimizing τ∗ in the following corollary. Note that the channel capacity allocation
determines the channel capacities potentially via frequency division techniques,
while the traffic allocation partitions the data traffic according to the given channel
capacities. We assume that the sum capacity for channels between the source and
the relay is 1 without loss of generality.
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Corollary C.1.1. For the two-hop system in Fig. 1.3, given
∑m
i=1 Ci = 1 with Ci >

0 for i ∈ [m], the channel allocation that minimizes τ∗ is the uniform allocation,
i.e., Ci = m−1 for all i ∈ [m].

Proof. Please see Appendix H.2.

Given a sum-capacity constraint, Corollary C.1.1 indicates that the lowest end-
to-end latency with Mglobal can be achieved via the uniform allocation, i.e., via
splitting the bandwidth equally.

Based on Corollary C.1.1, the minimum end-to-end latency with Ci = m−1 for
any i ∈ [m] is

τ∗ =
(
C0

(
1−

(
1 + (mC0)−1

)−m))−1
, (12)

achieved by

αi =

(
1 + (mC0)−1

)i−1
(mC0)−1(

1 + (mC0)−1
)m
− 1

. (13)

We next investigate the monotonicity of τ∗ in (12) and the asymptotic performance
as m→∞.

Corollary C.1.2. For the two-hop system in Fig. 1.3, assuming Ci = m−1 for all
i ∈ [m], τ∗ monotonically decreases with m and τ∗ →

(
C0
(
1− exp

(
−C−1

0
)))−1,

when m→∞, and the limiting traffic allocation tends to be the uniform allocation.

Proof. The monotonic decrease of τ∗ with respect to m follows since
(
1 + x−1)x

increases with x. For the asymptotic latency, i.e., as m→∞, we have

lim
m→∞

τ∗ = lim
m→∞

C−1
0

(
1−

(
1 + (mC0)−1

)−m)−1

=C−1
0 lim

m→∞

(
1−

((
1 + (mC0)−1

)mC0
)− 1

C0

)−1

=C−1
0

(
1−

(
lim
m→∞

(
1 + (mC0)−1

)mC0
)− 1

C0

)−1

=
(
C0
(
1− exp

(
−C−1

0
)))−1

. (14)

With (13), we notice that lim
m→∞

αi+1
αi

= lim
m→∞

(
1 + (mC0)−1

)
= 1 for all i ∈ [m],

which indicates that the limiting traffic allocation reduces to the uniform allocation.
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With a fixed sum capacity for channels between the source and the relay, it is
demonstrated from Corollary C.1.2 that it is always beneficial to increase the num-
ber of channels. This observation coincides with the well-known fact that dividing
the bandwidth into as many fractions as possible is delay-optimum for full-duplex
channels (see results, e.g., in [NJS17]). However, this advantage diminishes dimin-
ishes as m grows, and the resulting end-to-end latency with Mglobal approaches
a constant limit, which only depends on C0. This corollary indicates that, with
respect to a given sum capacity, it is better to have multiple channels with smaller
capacity rather than one single channel with larger capacity, or to split the channel
into sub-channels using frequency division. Also, it is worth noting that the asymp-
totic result is a lower bound on the latency for all cases where the sum capacity
over the first hop is fixed, and the lower bound is determined by C0 when applying
Mglobal.

Comparison with time division

In what follows, we consider a scenario that has only a single channel with capacity
1 (rather than multiple sub-channels shown in Fig. C.2) in the source-relay hop
(corresponding to the systems that have only a single server at the source node).
The file is partitioned into fractions via the traffic allocation in the time domain,
which are sequentially delivered from the source node. Following the method for
the proof of Lemma C.2, the minimum latency can be achieved if the condition
αi = C−1

0 αi−1 holds for all i ∈ [m] \ {1}. The performance for traffic allocation in
the time domain with Mglobal is given as below.

Lemma C.3. Using time division, the minimum end-to-end latency τ∗ withMlocal
is

τ∗ = C−1
0

∑m
i=0 C

i
0∑m−1

i=0 Ci0
= 1− Cm+1

0
C0 − Cm+1

0
, (15)

achieved by

αi = C1−i
0

m−1∑
k=0

C−k0 . (16)

τ∗ monotonically decreases with m, and τ∗ → max
{
C−1

0 , 1
}

when m→∞.

Proof. The detailed derivation for (15) is omitted since the method is similar to
that in Appendix H.1. The monotonic decease of τ∗ as m increases is evident by
observing observing (15). For the limiting latency as m→∞, we have

lim
m→∞

τ∗ = C−1
0 lim

m→∞

∑m
i=0 C

i
0∑m−1

i=0 Ci0
=
{

1, C0 ≥ 1
C−1

0 , C0 < 1,
(17)

which can be summarized as lim
m→∞

τ∗ = max
{
C−1

0 , 1
}

. Therefore, the proof is
completed.
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We can see that the bottleneck channel (with smaller capacity) in the two-hop
system determines the limiting latency. Unlike Corollary C.1.2, the file fractions are
not simultaneously delivered from the source in Lemma C.3. This traffic allocation
is performed using time division techniques. It is worth mentioning that we aim
to study the minimum latency among all feasible traffic allocations in the time
domain. We find that the optimal traffic allocation (with Mglobal) based on the
time division follows a geometric progression with the scale factor C−1

0 , while the
uniform traffic allocation (with Mlocal), i.e., αi = m−1 for i ∈ [m], cannot achieve
the optimum.

For notational simplicity, we denote by τ∗f and τ∗t the minimum latency in (12)
and (15), corresponding to the traffic allocations in the frequency domain and the
time domain, respectively. We compare τ∗f and τ∗t for any positive integer m in the
following corollary.

Corollary C.1.3. τ∗f ≥ τ∗t holds for all m ∈ N.

Proof. Note that for C0 > 0 we have

(
C0 +m−1)m =

m∑
i=0

m−i
(
m

i

)
Cm−i0 ≤

m∑
i=0

Ci0, (18)

where the property
(
m
i

)
≤ mi for all i ∈ {0}∪ [m] is applied, and the equality holds

if m = 1 or i = 0, 1. Then we can obtain that(
1 + (mC0)−1

)−m
≥ Cm0∑m

i=0 C
i
0
, (19)

which leads to (
1−

(
1 + (mC0)−1

)−m)−1
≥
∑m
i=0 C

i
0∑m−1

i=0 Ci0
, (20)

thereby concluding τ∗f ≥ τ∗t .

Corollary C.1.3 demonstrates that, if the total channel capacity in the source-
relay hop is fixed, the time-division traffic allocation outperforms the frequency-
division scheme in achieving the lower end-to-end latency.

Mglobal for general network

Based on Lemma C.2, for the multi-hop buffer-aided network illustrated in Fig. 1.1,
the optimal traffic allocation at the source node and the resulting minimum end-
to-end latency are given for Mglobal in the following theorem.
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Theorem C.2. For the tandem network in Fig. 1.1 with n relay nodes and mh

channels in the hth hop, the minimum end-to-end latency with Mglobal is

τ∗n =

(
C−1
n,mn + τ∗n−1

)mn−1∏
k=1

Cn,k+1

(
C−1
n,k + τ∗n−1

)
1 +

mn∑
i=2

i−1∏
k=1

Cn,k+1

(
C−1
n,k + τ∗n−1

) , (21)

with initial condition τ∗0 , (
∑m0
i=1 C0,i)−1, achieved by

αh,k =



Ch,k

(
mh∑
k=1

Ch,k

)−1

, h = 0

k−1∏
i=1

Ch,i+1

(
C−1
h,i + τ∗h−1

)
1 +

mh∑
j=2

j−1∏
i=1

Ch,i+1

(
C−1
h,i + τ∗h−1

) , h ≥ 1.
(22)

Proof. For h ∈ {0} ∪ [n], we denote by τ∗h the minimum end-to-end latency from
hop 0 to hop h. In addition, we define the effective capacity as the reciprocal of
minimum end-to-end latency, i.e., Eh , (τ∗h)−1. According to Lemma C.1, the initial
effective capacity E0 is given as E0 =

∑m0
i=1 C0,i.

For the hth hop with h ≥ 1, we lump hops 0 to h − 1 together, with effective
capacity Eh−1. By Lemma C.2, we know that at the relay node the local effective
capacity depends on the its connected channels on two hops. More precisely, if the
resulting effective capacity by lumping hops 0 to h− 1 is updated to C0 in Fig. 1.3,
then the effective capacity at the (h + 1)th node can be obtained by treating all
channels in the hth hop equal to those in the source-relay hop in Fig. 1.3. Thus, the
effective capacity for the concatenated system with h hops is expressed as

Eh =
1 +

mh∑
i=2

i−1∏
k=1

Ch,k+1

(
C−1
h,k + E−1

h−1

)
(
C−1
h,mh

+ E−1
h−1

)mh−1∏
k=1

Ch,k+1

(
C−1
h,k + E−1

h−1

) . (23)

With the recursive expression of Eh, we can finally obtain τ∗n = E−1
n when h

reaches n.

We know from Theorem C.2 that in the middle phase of the transmission the file
is distributed in all buffer-aided relay nodes rather than stacked in one buffer, and
all relay nodes can simultaneously forward the buffered fractions to the subsequent
nodes. The advantage of applying Mglobal is that a longer queue at a single relay
node (i.e., a bottleneck) can be avoided. Meanwhile, concurrent transmissions at all
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relay nodes enable even utilizations among all buffers, thereby resulting in higher
transmission efficiency.

In Theorem C.2, we find that the traffic allocation withMglobal is found through
a recursion. In contrast to the exhaustive method for searching the optimal solu-
tion, this recursive scheme significantly decreases the computational complexity.
Intuitively, the traffic allocation at each node in the network is a function of the
delay in the sub-network consisting of the subsequent nodes, while disregarding
exact traffic allocations over the following hops. Hence, the resulting latency from
the present node to the end can be treated as a whole and adopted for computing
the latency from its previous node, thereby indicating the recursive property when
applying Mglobal.

C.3 Discussion of Computational Complexity
Note that the analysis in this paper is conducted for a given channel capacity.
Assuming that the cost for acquiring the information of each channel, i.e., channel
estimation, signaling, or beamforming, is fixed (or upper bounded), then the overall
cost can be characterized by the number of channels in total for performing the
optimized traffic allocation, i.e., the computational complexity.

In what follows, we determine the computational complexity for Mlocal and
Mglobal. With respect to the multi-hop network in Fig. 1.1, we know that:

• Using Mlocal, there are mh channels considered for computing the traffic
allocation at node h+ 1 for any h ∈ {0} ∪ [n] within each hop. Therefore, for
the whole network, the overall computational complexity is in O (

∑n
h=0mh).

• Using Mglobal, within each hop there are
∑h
i=0mi channels considered for

computing the traffic allocation with Mglobal at node h + 1 for any h ∈
{0} ∪ [n]. Thus, for the whole network, the overall computational complexity
is in O

(∑n
h=0

∑h
i=0mi

)
.

Due to the fact that
∑n
h=0mh ≤

∑n
h=0

∑h
i=0mi (the equality holds only if

n = 0), we have O (
∑n
h=0mh) ⊂ O

(∑n
h=0

∑h
i=0mi

)
, which indicates that the

overall computational complexity forMlocal is lower. The comparison of the overall
complexity to perform two traffic allocation schemes will be elaborated on in the
next section.

D Performance Gain by Global Allocation

In this section, we study the performance gain by adopting Mglobal, relative to
that by adopting Mlocal. For the sake of fairness and convenience, we here restrict
ourselves to a homogeneous version of the multi-hop networks in Fig. 1.1. That is,
for all h ∈ {0} ∪ [n] and k ∈ [m], each hop has the same number of channels, i.e.,
mh = m, and the capacity of all channels are identical, i.e., Ch,k = C.
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D.1 Relative Performance Gain and Its Asymptote
Given n relay nodes and m channels per hop, taking Mglobal as the reference, we
define the relative performance gain by Mglobal as

ρ (n,m) , τ∗n|local

τ∗n|global
, (24)

where τ∗n|global and τ∗n|local represent the minimum end-to-end latencies obtained in
Theorem C.2 and Theorem C.1, respectively.

We next present a result on the relative performance gain ρ (n,m).

Theorem D.1. Given n relay nodes and m channels in each hop, the relative
performance gain ρ (n,m) is

ρ (n,m) = n+ 1
m

(u∗n)−1
, (25)

where u∗k for all k ∈ [n] is given as u∗k =
(

1−
(
1 + u∗k−1

)−m)−1
u∗k−1, with initial

condition u∗0 = m−1.

Proof. Please see Appendix H.3.

Based on Theorem D.1, it is interesting to study the relative performance gain
when the number of channels per hop increases. With any given number of relay
nodes n, the asymptotic relative performance gain ρ̄ (n) is defined as

ρ̄ (n) , lim
m→∞

ρ (n,m) . (26)

The following Theorem D.2 gives an expression for ρ̄ (n).

Theorem D.2. Given n relay nodes, the asymptotic performance gain ρ̄ (n) for
any n ≥ 0 is recursively given as

ρ̄ (n) = n+ 1
n

(
1− exp

(
− n

ρ̄ (n− 1)

))
ρ̄ (n− 1) , (27)

with initial condition ρ̄ (0) = 1.

Proof. Please see Appendix H.4.

Theorem D.2 demonstrates that the relative performance gain approaches a con-
stant that only depends on the number of relay nodes, when the number of channels
in each hop goes to infinity. This limiting performance quantifies the maximum rel-
ative performance gain, achieved by letting the number of channels per hop grow
to infinity.
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D.2 Gain-Complexity Trade-off
Considering the overall computational complexity for the different traffic allocation
schemes, for the homogeneous setting in this section, it is easy to obtain that the
number of channels for traffic allocation with Mlocal, denoted as flocal (m,n), is
given by

flocal (m,n) = m (n+ 1) , (28)

while that with Mglobal, denoted as fglobal (m,n), is given by

fglobal (m,n) = m (n+ 1) (n+ 2)
2 = n+ 2

2 · flocal (m,n) . (29)

Thus, evidently, the relative overall computational complexity, which can be defined
via comparing Mglobal to Mglobal, grows with the number of relay nodes, linearly,
i.e.,

fglobal (m,n)
flocal (m,n) = n+ 2

2 ∈ O (n) , (30)

which only depends on the number of relay nodes. Jointly with Theorem D.2, we
can see thatMglobal achieves a relative performance gain of ρ̄ (n) at the expense of
an n times higher computational complexity. Thus, there exists a trade-off between
the relative performance gain and the overall computational complexity by global
allocation, i.e., between ρ̄ (n) and O (n).

E Average Latency for Two-Hop Linear mm-wave Networks
with Nakagami-m Fading

In this section, we focus on the average end-to-end latency for a two-hop mm-wave
network as shown in Fig. 1.3, with two independently fading channels between the
source and the relay node. We consider small-scale fading for all channels in the
two-hop network and assume independent block fading. That is, for each fraction
and each hop, the channel is independent and identically distributed (i.i.d.) but
constant during the delivery of the file fraction over each corresponding channel.
We assume that the instantaneous channel state information (CSI) is known at the
node that makes the resource allocation. Hence, the traffic allocation is performed
after acquiring the CSI2.

Observing the form of the end-to-end latency in Theorem C.1 or Theorem C.2,
we notice that it is rather difficult to derive a closed-form expression, since the
end-to-end latency is a reciprocal of the end-to-end effective capacity. For the sake

2In this paper we only consider the case of perfect CSI to study the best possible performance.
If only the statistical CSI or no CSI is available, the performance by usingMlocal andMglobal is
inevitably degraded.
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of tractability, we aim at lower bounds to characterize the average latency perfor-
mance. In what follows, we first give the average capacity for mm-wave channels
with Nakagami-m fading, and we subsequently derive the lower bounds on the
end-to-end latency when using Mlocal and Mglobal, respectively.

E.1 Average Channel Capacity
It has been reported in [RSM+13] that, unlike the channel characteristics in sub-
6 GHz bands, the small-scale fading in mm-wave channels is not significant, due
to the adoption of highly directional antennas and the weak capability of reflec-
tion/diffraction. For tractability, in this paper, we assume that the amplitude of
mm-wave channel coefficient follows Nakagami-m fading, as in [BH15]. Hence, for
a given signal-to-noise (SNR) ξ, the normalized capacity of a mm-wave channel
with Nakagami-m fading can be written as C = log2 (1 + g · ξ), where the random
variable g represents the channel power gain, which follows the gamma distribution,
i.e., g ∼ Γ

(
M,M−1) with a positive Nakagami parameter M . The variance is M−1,

hence the randomness decreases with M , and the channel becomes deterministic as
M →∞. M = 1 corresponds to Rayleigh fading.

We assume that mm-wave channels Ci, i ∈ {0, 1, 2}, have the identical Nakagami
parameter3 M . Then, with the aid of Meijer G-function, the average capacity for
channels with Nakagami-m fading can be obtained as

E [Ci] =
∫ ∞

0
log2 (1 + xξi) f (x;M) dx

= MM

ξMi Γ (M) ln (2)
·G3,1

2,3

(
−M, 1−M
0,−M,−M

∣∣∣∣∣Mξi
)
, (31)

where E [·] denotes the expectation operator, and ξi is the SNR on Ci. Here,
Gm,np,q

(a1,a2,...,ap
b1,b2,...,bq

∣∣ z) denotes the Meijer G-function [Olv10], where 0 ≤ m ≤ q and
0 ≤ n ≤ p, and parameters aj , bj and z ∈ C.

E.2 Lower Bounds on Average Latency
In this subsection, for different traffic allocation schemes, we derive lower bounds
on the average end-to-end latency, in terms of E [Ci] for i ∈ {0, 1, 2} (as in the
previous subsection).

Using Mlocal

Given C0, C1 and C2, according to Theorem C.1 it is easy to obtain that the
minimum end-to-end latency with Mlocal is

τ∗2 = C−1
0 + (C1 + C2)−1

. (32)
3Normally, the randomness in mm-wave channels is relatively weak, such that the Nakagami

parameter M ≥ 3 as in [BH15,YZHL17].
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Then, a lower bound on the expectation of τ∗2 is presented in the following propo-
sition.

Proposition E.1. A lower bound on the minimum average end-to-end latency for
Mlocal is

E [τ∗2 ] ≥ (E [C0])−1 + (E [C1 + C2])−1
. (33)

Proof. Based on τ∗2 in (32), the minimum average end-to-end latency can be ex-
pressed as E [τ∗2 ] = E

[
C−1

0
]

+E
[
(C1 + C2)−1

]
. Regarding the existence of E

[
C−1

0
]

for M > 1, we note that

E
[
C−1

0
]
≤ ln (2)

(
1
2 + ξ−1

0 E
[
g−1])

= ln (2)
(

1
2 + ξ−1

0

(
1 + (M − 1)−1

))
<∞, (34)

where the first line applies the following inequality for x ≥ 0: ln (1 + x) ≥ 2x
2+x .

Therefore, the existence E
[
C−1

0
]

is guaranteed.
Finally, by applying Jensen’s inequality, i.e., E [X] · E

[
X−1] ≥ 1 for positive

random variables X, we can obtain that E [τ∗2 ] ≥ (E [C0])−1 + (E [C1 + C2])−1,
which completes the proof.

Using Mglobal

According to Theorem C.2, given C0, C1 and C2, the minimum end-to-end latency
with Mglobal is

τ∗2 =
(
C−1

0 + C−1
1
) (
C−1

0 + C−1
2
)

C−1
0 + C−1

1 + C−1
2

. (35)

Then, a lower bound on the expectation of τ∗2 is given in the following proposition.

Proposition E.2. A lower bound on the minimum end-to-end latency for Mglobal
is

E [τ∗2 ] ≥ (E [C0])−1 + (E [C1 + C2] + ε0E [C1C2])−1
, (36)

where ε0 for M > 1 is defined as

ε0 , ln (2)
(

1
2 + ξ−1

0

(
1 + (M − 1)−1

))
. (37)

Proof. With τ∗2 given in (35), we know that

E [τ∗2 ] =E
[
C−1

0
]

+ E
[(
C1 + C2 + C−1

0 C1C2
)−1]

≥ (E [C0])−1 + E−1 [C1 + C2 + C−1
0 C1C2

]
,

(38)
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where the second line is achieved by Jensen’s inequality. We notice that E
[
C−1

0
]

is
upper bounded as E

[
C−1

0
]
≤ ln (2)

(
1
2 + ξ−1

0

(
1 + (M − 1)−1

))
, ε0.

For M = 1, E
[
C−1

0
]

does not exist since
∫∞

0 (log2 (1 + ξx))−1 exp (−x) dx does
not converge. Hence, the bounding techniques in Proposition E.1 and Proposi-
tion E.2 are not applicable to the scenarios with Rayleigh fading channels (M = 1).
Fortunately, this case is less relevant for mm-wave communications.

It is worth mentioning that the method for analyses above can be extended
to mm-wave networks with more relay nodes and more channels in each hop: The
lower boundMlocal can be obtained by performing Jensen’s inequality on the com-
ponent latency in each hop, while the lower bound with respect to Mglobal can be
obtained by following the recursive expression for end-to-end latency presented in
Theorem C.2.

F Performance Evaluation

In this section, we will evaluate the end-to-end latency forMlocal andMglobal. The
performance evaluation consists of the following two parts:

(i) We focus on the allocation schemes Mlocal and Mglobal and investigate their
corresponding performance. With simulations, we first validate allocation
schemes developed in Theorem C.1 and Theorem C.2 for the minimum end-to-
end latency. After validating the allocation schemes, we subsequently provide
numerical results focusing on Theorem D.1 and Theorem D.2 and assess the
performance achieved by two distinct schemes.

(ii) Following the two-hop network adopted in Sec. E, we evaluate the average
end-to-end latency performance in the presence of Nakagami-m fading in
mm-wave channels. We first show the tightness of the lower bounds derived
in Proposition E.1 and Proposition E.2. Further discussions related to the
average performance are presented afterwards.

We assume that the size of the transmitted file is normalized to 1 without loss of
generality. Other system settings for the above two assessments will be elaborated
on.

F.1 Performance of the Two Allocation Schemes
Focusing on the performance of two traffic allocation schemes, we assume determin-
istic channels, such that the channel capacity is treated as constants. Furthermore,
for fairness and simplicity, we follow the homogeneous setting used in Sec. D, i.e.,
mh = m and Ch,k = C for all h ∈ {0} ∪ [n] and k ∈ [m].

We simulate the end-to-end latency of a two-hop system with two channels per
hop, i.e., n = 1 and m = 2, and the performance for Mlocal and Mglobal is shown
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(a) with Mlocal
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(b) with Mglobal

Figure 1.4: End-to-end latency performance with Mlocal and Mglobal, where the
number of relay nodes is n = 1, the number of channels per hop is m = 2, the
capacity of each channel is C = 1, and traffic allocation α0,1 and α1,1 both vary
from 0 to 0.5.
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Figure 1.5: Minimum end-to-end latency τ∗ vs. number of relay nodes n, where
the number of channels per hop is m = 2, 5 or 10, the capacity of each channel is
C = 1, and the size of transmitted file is 1.

in Fig. 1.4. For traffic allocations α0 (at the relay node) and α1 (at the source), we
consider variables α0,1 ∈ [0, 0.5] and α1,1 ∈ [0, 0.5], and the remaining allocations
can be characterized in terms of α0,1 and α1,1, i.e., α0,2 = 1−α0,1 and α1,2 = 1−α1,1,
respectively, due to the fact m = 2. In both Fig. a and Fig. b, we vary α0,1 and α1,1,
jointly. In general, it is evident that the resulting latencies by distinct allocation
schemes are different. We can see in Fig. a that the minimum end-to-end latency is
1 when applying Mlocal, which is achieved at α0,1 = 0.5 and α1,1 = 0.5. However,
in Fig. b, the minimum end-to-end latency is 0.9 when applying Mglobal, which
is achieved at α0,1 = 0.5 and α1,1 = 0.4. The optimal traffic allocations enabling
the minimum end-to-end latency observed from Fig. 1.4 are in accordance with our
analytical results derived in Theorem C.1 and Theorem C.2.

In Fig. 1.5, we investigate the minimum end-to-end latency τ∗ against the num-
ber of relay nodes n, where different numbers of per-hop channels m are considered.
For both Mlocal and Mglobal, we find that τ∗ can be significantly reduced when
elevating m = 2 to m = 10. This coincides with the intuition that increasing the
number of channels is equivalent to producing a larger effective channel capacity
in each hop, which in turn leads to a lower latency for file delivery. Besides, we
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Figure 1.6: Minimum end-to-end latency τ∗ vs. number of channels m, where the
number of relay nodes is n = 5 or 10, the capacity of each channel is C = 1, and
the size of transmitted file is 1.

notice that the benefit by adoptingMglobal becomes remarkable as n increases. For
instance, for m = 2, compared to Mlocal, applying Mglobal reduces the latency by
25% at n = 3, while the reduction is enlarged to 40% at n = 9. The performance
improvement shown above stems from the efficient utilization of buffers at relay
nodes in Mglobal, since long queues are avoided by performing the optimal traffic
allocations globally at all relay nodes. This observation reveals the great advan-
tage of Mglobal in networks with more relay nodes. Furthermore, we can see that
there is an intersection at n = 6, between the curve with m = 5 for Mlocal and
the curve with m = 10 for Mglobal. This finding indicates that Mglobal with fewer
channels is still competitive in outperformingMlocal with more channels as long as
there are sufficiently many relay nodes, which again highlights the benefit of global
allocation.

Given n relay nodes, the minimum end-to-end latency τ∗ against the number
of channels m is illustrated in Fig. 1.6. For both Mlocal and Mglobal, τ∗ is dra-
matically reduced at the beginning of increasing m, while the decaying rates slow
down when m becomes large, i.e., when m ≥ 5. This finding indicates that it is def-
initely beneficial to have multiple channels for reducing the end-to-end latency, but
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Figure 1.7: Relative performance gain ρ (n,m) vs. number of relay nodes n, where
the number of channels per hop is m = 1, 2, 5, 10, 20, 50 or ∞.

the benefit diminishes as the number of channels increases. Therefore, in practice,
considering the cost of system implementations, it is not necessary to increase the
number of channels above about 8.

In Fig. 1.7, we investigate the relative performance gain ρ (n,m) with respect
to the number of relay nodes n, where the number of per-hop channels m varies
from m = 1 to ∞. We find that there is no difference between Mlocal and Mglobal
when m = 1, i.e., ρ (n, 1) = 1 for all n, since neither the local allocation nor
the global allocation is actually performed if there is only one single channel per
hop. However, ρ (n,m) obviously increases when m or n grows. This indicates the
substantial advantage ofMglobal compared toMlocal, especially when the number of
channels per hop or the number of relay nodes is large. In addition, when m→∞,
asymptotic performance gain ρ̄ (n) characterizes the upper bound of the relative
benefits. For instance, at n = 20, the latency can be reduced to 20% of Mlocal
at the most, when applying Mglobal. The asymptote in Fig. 1.7 is obtained from
Theorem D.2.
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F.2 Average Latency in Millimeter-wave Networks
To investigate the average end-to-end latency of the two-hop mm-wave network in
Sec. E (see Fig. 1.3), we consider a network where the relay node is deployed on
the line between the source and the destination (All networks considered here are
linear in the sense of the network topology.). Starting from the source, we denote
by r and L the (normalized) distances to the relay node and to the destination,
respectively. Besides, we assume that the transmit power at the source and the
relay node are both γ, and the power of the background noise is set to 1 without
loss of generality. Applying the path loss model for line-of-sight (LOS) mm-wave
communications [RSM+13, XMH+17], the SNR ξi in Ci = log2 (1 + giξi) can be
written as

ξi =
{
γ (L− r)−α , i = 0
γr−α, i ∈ {1, 2} ,

(39)

where α denotes the path loss exponent. The gamma-distributed random variables
gi for i ∈ {0, 1, 2} are independent and identically distributed with Nakagami pa-
rameter M .

With Nakagami fading in mm-wave channels, the average end-to-end latency
and the lower bounds are illustrated in Fig. 1.8. From the simulation results for the
two traffic allocation schemes, it can be seen that the lower bounds given in Propo-
sition E.1 and Proposition E.2 are quite tight. Furthermore, the average latency
first decreases to the minimum and subsequently increases, when r grows from 40
to 160. This observation indicates the critical role of relay deployment in mini-
mizing the end-to-end latency. We can also see that the minimum average latency
for Mlocal is obtained roughly at r = 120, while the minimum average latency for
Mglobal is obtained roughly at r = 115. This slight difference tells that different
relay deployments may be needed for different allocation schemes.

In Fig. 1.9 we show the average end-to-end latency E [τ∗2 ] against varying Nak-
agami parameter M . As aforementioned, a larger M corresponds to a more deter-
ministic channel. We see from Fig. 1.9 that for bothMlocal andMglobal the average
end-to-end latency E [τ∗2 ] decreases as M grows from 3 to 15, while the reduction
in latency by increasing M gradually diminishes. Moreover, the simulation results
gradually approach the corresponding lower bounds when M increases. This is due
to the fact that Jensen’s inequality in Proposition E.1 or Proposition E.2 gives a
tighter lower bound (E [X])−1 for E

[
X−1] when mm-wave channels become more

deterministic (higher M). In addition, we find that the tightness of the lower bounds
for both allocation schemes are improved when γ increases from 55 dB to 65 dB.
Thus, the lower bounds get even tighter when the transmit powers are high.

G Conclusions

We have studied the end-to-end latency in multi-hop mm-wave networks by apply-
ing two traffic allocation schemes, namely local allocation and global allocation. In
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Figure 1.8: Average end-to-end latency E [τ∗2 ] and the lower bounds, against source-
relay distance r, where (normalized) source-destination distance L = 200, transmit
power γ = 60 dB, path loss exponent α = 3, and Nakagami parameter M = 5.

our networks, buffers are equipped at the source node and the relay nodes, and
multiple independent channels exist in each hop. For given channel capacities, we
have provided closed-form expressions of the end-to-end latency for the two alloca-
tion schemes and quantified the advantages of the global allocation scheme relative
to the local one. Some asymptotic analyses have also been performed. Compared
to local allocation, the advantage of global allocation grows as the number of relay
nodes n increases, at the expense of an n times higher computational complexity.
Besides, increasing the number of channels monotonically decreases the latency,
and it asymptotically reaches a constant that depends only on the number of relay
nodes. Furthermore, taking a specific two-hop linear mm-wave network as an ex-
ample, we have derived tight lower bounds on the average end-to-end latency for
two traffic allocation schemes with Nakagami-m fading incorporated. We have also
noticed the great importance of proper deployment of the relay node. These results
can provide insights for designing or implementing low-latency multi-hop mm-wave
networks.



228
Traffic Allocation for Low-Latency Multi-Hop Networks

with Buffers

4 6 8 10 12 14
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Figure 1.9: Average end-to-end latency E [τ∗2 ] and the lower bounds against Nak-
agami parameter M , where (normalized) source-destination distance L = 200, (nor-
malized) source-relay distance r = 100, transmit power γ = 55 dB, 60 dB or 65 dB,
and path loss exponent α = 3.

H Appendices

H.1 Proof of Lemma C.2

Due to the buffer at the relay node, fractions from distinct channels are first stacked
in the queue and subsequently pushed on the channel connecting the destination.
To simplify the notation, we assume that fraction αj arrives at the buffer-aided
relay node prior to fraction αk if j ≤ k, for all j, k ∈ [m], without loss of generality.
Letting wi for all i ∈ [m] denote the latency of fraction αi traversing from the
source to the destination, according to the arrival orders at the buffer-aided relay
node, we have w1 = α1

(
C−1

1 + C−1
0
)

and w2 = max
{
w1, α2C

−1
2
}

+ α2C
−1
0 . In

light of above, we can express the component delay wi for i ∈ [m] in general as
wi = max

{
wi−1, αiC

−1
i

}
+ αiC

−1
0 with the initial condition w0 = 0.

It is evident that wj < wk for any j < k, since wk ≥ wk−1 + αkC
−1
0 > wk−1 >

. . . > wj . Thus, latency τ is reduced to wm, i.e., max1≤i≤m {wi} = wm, and the
minimum latency τ∗ can be expressed as τ∗ = min‖α‖1=1 wm. Applying the recur-
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sion for wm, we equivalently have

τ∗ = min
‖α‖1=1

max
{
wm−1, αmC

−1
m

}
+ αmC

−1
0

= min
αm∈(0,1)

min∑m−1
i=1

αi=1−αm
max

{
wm−1, αmC

−1
m

}
+ αmC

−1
0

= min
αm∈(0,1)

max
{

min∑m−1
i=1

αi=1−αm
{wm−1} , αmC−1

m

}
+ αmC

−1
0 ,

(40)

where the last line is obtained based on the fact that wm−1 depends on {αi} for all
i ∈ [m− 1], while αmC−1

0 and αmC
−1
m can be treated as constants with respect to

a given αm.
For notational simplicity, we define ξ∗ , min∑m−1

i=1
αi=1 wm−1, which denotes

the optimized latency of delivering one normalized-size file in the network with
m−1 channels between the source and the relay node. Thanks to the linear mapping
between the allocated traffic loads and the resulting latency, with respect to any
z > 0, we can easily obtain that

min∑m−1
i=1

αi=z
wm−1 = min∑m−1

i=1
αi=1·z

wm−1 = z · ξ∗. (41)

Therefore, τ∗ can be further reduced to

τ∗ = min
αm∈(0,1)

max
{

(1− αm) ξ∗, αmC−1
m

}
+ αmC

−1
0

= min
αm∈(0,1)

max
{
ξ∗ − αm

(
ξ∗ − C−1

0
)
, αm

(
C−1
m + C−1

0
)}
.

(42)

Note that ξ∗ denotes the latency for delivering one normalized-size file from the
source to the destination via the relay node, while C−1

0 denotes the latency for de-
livering the file from the relay node to the destination. The former is strictly greater
than the latter, i.e., ξ∗ > C−1

0 . Then, we can see that ξ∗−αm
(
ξ∗ − C−1

0
)

is mono-
tonically increasing with αm, while αm

(
C−1
m + C−1

0
)

is monotonically decreasing
with αm. Hence, τ∗ is obtained whenever ξ∗ − αm

(
ξ∗ − C−1

0
)

= αm
(
C−1
m + C−1

0
)
.

One particular solution that meets the condition shown above for minimizing
the latency is to wm = αmC

−1
m . Iteratively, wi−1 = αiC

−1
i should hold for all

i ∈ [m]. In this case, we can obtain that α2C
−1
2 = α1

(
C−1

1 + C−1
0
)
, and the general

expression for 2 ≤ i ≤ m is

αi = α1

i−1∏
k=1

Ck+1
(
C−1
k + C−1

0
)
. (43)

Paired with the constraint ‖α‖1 = 1, we can immediately solve α1 as

α1 =
(

1 +
m∑
i=2

i−1∏
k=1

Ck+1
(
C−1
k + C−1

0
))−1

. (44)
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Thus, applying the recursive expression of αi, we have

αm =
∏m−1
k=1 Ck+1

(
C−1
k + C−1

0
)

1 +
∑m
i=2
∏i−1
k=1 Ck+1

(
C−1
k + C−1

0
) , (45)

which further gives the minimum latency τ∗ as

τ∗ =
(
C−1
m + C−1

0
)∏m−1

k=1 Ck+1
(
C−1
k + C−1

0
)

1 +
∑m
i=2
∏i−1
k=1 Ck+1

(
C−1
k + C−1

0
) . (46)

H.2 Proof of Corollary C.1.1
We define the multinominal C(i,m) as

C(i,m) ,
6=∑

k1,...,ki∈[m]

∏
Ckj , (47)

where the 6= indicates that ku and kv are not equal for any u, v ∈ [m]. Rewriting
the expression of τ∗ in Lemma C.2, we can obtain that

τ∗ =

m∑
i=0

Cm−i0 · C(i,m)

C0
m∑
i=1

Cm−i0 · C(i,m)
=
Cm0 +

m∑
i=1

Cm−i0 · C(i,m)

C0
m∑
i=1

Cm−i0 · C(i,m)
= C−1

0 +
(

m∑
i=1

C1−i
0 · C(i,m)

)−1

.

(48)

Subsequently, the minimization of τ∗ with respect to the constraint ‖C‖1 ,∑m
i=1 Ci = 1 can be reformulated as

min
‖C‖1=1

τ∗ = C−1
0 +

(
m∑
i=1

C1−i
0 max

‖C‖1=1
{C(i,m)}

)−1

. (49)

Paired with the symmetry of the multinominal C(i,m), we apply the Lagrange
multiplier optimization and obtain that

C(i,m) ≤
(
m

i

)
m−i, (50)

where the equality is achieved when having Ci = m−1 for all i ∈ [m]. Then, we
have

min
‖C‖1=1

τ∗ =
(

1−
(

1 + (mC0)−1
)−m)−1

. (51)



H. Appendices 231

H.3 Proof of Theorem D.1
With Mlocal, from Theorem C.1, we can easily obtain that τ∗n = (n+ 1) · (mC)−1.
Applying a change of variables, i.e., v∗n = Cτ∗n, we can equivalently write the latency
above as v∗n = m−1 (n+ 1), which is treated as the normalized latency withMlocal.

With Mglobal, from Theorem C.2, we obtain that

τ∗k =
(
C−1 + τ∗k−1

) (
C
(
C−1 + τ∗k−1

))m−1

1 +
m∑
i=2

(
C
(
C−1 + τ∗k−1

))i−1

=
(
C
(
C−1 + τ∗k−1

))m
C
m−1∑
i=0

(
C
(
C−1 + τ∗k−1

))i =
τ∗k−1

1−
(
1 + Cτ∗k−1

)−m ,
(52)

associated with the initial condition τ∗0 = m−1C−1. Applying a change of variables,
i.e., u∗k = Cτ∗k for all k ∈ [n], we equivalently have the recursive expression as

u∗k =
(

1−
(
1 + u∗k−1

)−m)−1
u∗k−1 (53)

with u∗0 = m−1, which is treated as the normalized latency with Mglobal, likewise.
According to the definition of ρ (n,m), we can obtain that

ρ (n,m) = v∗n
u∗n

= n+ 1
m

(u∗n)−1
. (54)

H.4 Proof of Theorem D.2
For all k ∈ {0}∪ [n], following the expression of u∗k used in Theorem D.1, we define

zk ,
ρ̄ (k)
k + 1 = lim

m→∞
(mu∗k)−1

. (55)

When k ≤ 1, we can easily obtain that z0 = 1 and

z1 = lim
m→∞

(
m
(

1−
(
1 +m−1)−m)−1

m−1
)−1

= 1− e−1 (56)

For any given k ≥ 2, since it is known that zk−1 is finite and lim
m→∞

m−1zk−1 = 0,
we have

zk = lim
m→∞

m−1
(

1−
(
1 + u∗k−1

)−m) (
u∗k−1

)−1

= lim
m→∞

(
1−

(
1 + lim

m→∞

mu∗k−1
m

)−m)
lim
m→∞

(
mu∗k−1

)−1

= lim
m→∞

1−
(

1 +
z−1
k−1
m

)−m zk−1 =
(

1− e−z
−1
k−1

)
zk−1.

(57)
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Thus, we can recursively obtain zn as zn =
(

1− e−z
−1
n−1

)
zn−1, associated with

initial condition z0 = 1. Recovering ρ̄ (k) in terms of zk, we obtain that

ρ̄ (n) = n+ 1
n

(
1− exp

(
− n

ρ̄ (n− 1)

))
ρ̄ (n− 1) , (58)

with initial condition ρ̄ (0) = 1.
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