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Abstract—In this paper we discuss optimal energy-efficient
communications in the wideband regime, where the signal
bandwidth is infinite and the channel is flat. A multiple-hop
system with one sender, one receiver, and multiple relays is
considered. We discover the globally optimal link adaptation as
well as relay deployment strategies such that the whole system
can run with the highest energy efficiency. The technologies
proposed can be used in various communication systems, such
as the deployment and communication of wired core networks
and wireless broadband relay backhauls, to improve their
energy efficiencies.

Index Terms—interference, energy efficiency, power opti-
mization, OFDM, non-cooperative power control

I. INTRODUCTION

Energy efficiency is increasingly important for communi-
cations and networks because of both climate and cost issues.
Information and communication technology (ICT) plays an
important role in global greenhouse gas emissions since the
amount of energy consumed by ICT increases dramatically
to meet with the explosive growing service requirements
[1]. It is shown that nowadays the total energy used by
the infrastructure of cellular networks, wired networks, and
Internet takes up more than 3% of the worldwide electric
energy consumption [2]. In addition, this amount of energy
is expected to increase rapidly in the future.

The exponential relationship between rate and power in
Shannon capacity indicates that energy efficiency can only
be achieved with infinite bandwidth or infinitely small data
rate. But this qualitative analysis considers only transmission
energy and ignores practical issues like other types of power
consumption, such as those used for operating circuit and
signal processing [3]. Therefore energy-efficient network
design should find tradeoff between transmission energy and
energy overhead like circuit energy. This tradeoff exists in
almost all aspects of wireless networks, from individual
transceivers [4]–[6] to cellular network deployments [7],
[8]. For example in [4], a unique globally optimal power
allocation and link adaptation is discovered for multiple
input and multiple output (MIMO) and orthogonal frequency
division multiplexing (OFDM) transmission and this scheme
automatically balances the energy consumption between
the the circuit power and the transmission powers on all
subchannels. When there are multiple users in the network,
the network resources should also be managed such that
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the overall network energy efficiency is maximized rather
than single users [3], [6], [9], [10]. A thorough tutorial can
be found in [3], which discusses energy-efficient resource
management in time, frequency, and space domains. In ad-
dition to single cell resource management, energy efficiency
should also be considered from the multi-cell aspect [11]–
[13]. In [11], [12], it is observed that power optimization is
important in both energy efficiency improvement and inter-
cell interference control. Besides, energy-efficient power
control not only improves network energy efficiency by also
spectral efficiency because its conservative nature of power
allocation automatically alleviates inter-cell interference to
improve overall network throughput.

In this paper, we study energy-efficient communications
in the wideband regime, where the signal bandwidth is
large and the channel is flat. Examples include wired
communications using copper or fiber optics where the
bandwidth is almost infinite and the channel is flat and
line-of-sight (LOS) wireless backhaul communications with
multi-gigahertz bandwidth [14]. For instance, the wireless
channels around 60 GHz do not exhibit rich multipath. The
non-line-of-sight (NLOS) components suffer from tremen-
dous attenuation and the channel is almost flat [14]. In
addition a broad spectrum, e.g. several gigahertz, can be
used at 60 GHz to achieve a high data rate for backhaul
communications. Therefore a backhaul system using 60 GHz
carrier frequency can have large signal bandwidth and flat
channel.

The scenario we will focus on would be a point-to-point
link with multiple relays in between. The question we will
answer is what would be the global optimal link adaptation
and relay deployment strategy such that the whole system is
the most energy efficient. This strategy can be used in many
applications, e.g. core network deployment or wireless relay
backhaul, to improve their energy efficiencies. The paper is
structured as follows. In Section II we present the system
model. In Section III, we discuss energy-efficient commu-
nication without any relay. In Sections IV, V, and VI, we
discuss the optimal link adaptation as well relay deployment
strategies assuming an arbitrary number of relays. Finally we
conclude the paper in Section VIII.

II. SYSTEM MODEL

Consider a multi-hop system with one sender, one re-
ceiver, and K relays, as illustrated in Fig. 1. The data is
sent from the sender to the first relay, which decodes the data



Fig. 1: System Model.

and forward it to the second relay. This process repeats until
the data reaches the receiver. All transmissions experience
additive white Gaussian noise (AWGN) channels and the
data rate is given by

Ri = B log2

(
1 +

Piξihi
BNo

)
, i = 0, 1, ...,K,

s.t. Pi ≤ Pmi,
(1)

where B denotes the signal bandwidth, Pi the transmission
power, ξi the power amplifier efficiency, hi the channel
power gain, No the noise spectral density, and Pmi the
power limit. The transmission of the sender is indexed with
0 while the transmission of the ith relay indexed with i. In
the following we may refer to the transmitter and relays as
user i according to their indices. In the wideband regime,
assume B →∞, then

Ri =
Piξihi
No ln 2

. (2)

Note that all relays work in the full-duplex mode because
their data reception and transmission can be easily separated
by e.g. frequency-division duplexing (FDD). The above
approximation (2) still holds when B is divided into half. In
addition to transmission power, each device also consumes
circuit power for computation purposes, e.g. signal process-
ing, filtering, and encoding and decoding [4], and the total
power consumption is

P̂i = Pi + Pci, (3)

where Pci denotes the circuit power. The circuit power
consumption of the receiver is defined as Pr. The energy
efficiency of the system, u, is defined as the total number of
bits that can be transmitted consuming a certain amount of
energy, or equivalently, the network throughput divided by
the total network power consumption [4], i.e.

u =
R∑

i(Pi + Pci) + Pr
, (4)

where R denotes the achieved data rate. In the following, we
study the optimal link adaptation as well as relay deployment
strategy such that the whole system is the most energy
efficient.

III. DIRECT ENERGY-EFFICIENT COMMUNICATIONS

When there is no relay and the sender transmits data
directly to the receiver, the transmitter wants to do link
adaptation such that its energy efficiency is maximized, i.e.

the power is given by

P ∗0 = argmax
P0

R0

P0 + Pc0 + Pr

= argmax
P0

P0ξhi
No ln 2

P0 + Pc0 + Pr
s.t. P0 ≤ Pm0.

(5)

The energy efficiency increases with the transmission power
and therefore the highest power should always be used, i.e.

P ∗0 = Pm0. (6)

The highest energy efficiency is

u∗ =
Pm0ξhi

(Pm0 + Pc0 + Pr)No ln 2
. (7)

Theoretically, if there is no power limit, i.e. Pm0 →∞, the
energy efficiency upper bound is

u∗ =
ξhi

No ln 2
. (8)

The energy efficiency in (7) indicates five ways of improv-
ing energy efficiency from an implementation perspective,
that is,

• increasing the power limit (mainly the linear range of
the power amplifier),

• increasing the power amplifier efficiency,
• increasing the channel gain,
• reducing the circuit power of both the transmitter and

receiver,
• and reducing the thermal noise.

IV. ENERGY-EFFICIENT RELAY LINK ADAPTATION

In this section, we assume an arbitrary number of relays
with given channels and discuss the optimal energy-efficient
transmission strategy.

The overall achieved data rate of the system must be

R = min
i
Ri. (9)

This also indicates that all transmissions by the sender and
relays should be at the same rate R, as otherwise, any
link with a higher rate will waste its energy consumption.
Therefore, the power of user i is

Pi =
RNo ln 2

ξihi
. (10)

The overall system energy efficiency is

u =
R∑

i(Pi + Pci) + Pr

=
R∑

i(
RNo ln 2
ξihi

+ Pci) + Pr
.

(11)

The energy efficiency u increases with R. Therefore the



highest data rate should be used and

R∗ = min
i

Pmiξihi
No ln 2

. (12)

User i will use just enough power to achieve R∗ and the
transmission power should be

Pi =
R∗No ln 2

ξihi
. (13)

If there is no power limit, the energy efficiency upper bound
is given by

u∗ =
1∑

i(
1

ξihi
)

1

No ln 2
. (14)

V. ENERGY-EFFICIENT RELAY DEPLOYMENT

In this section, we study how to deploy relays such that the
whole system is the most energy efficient assuming all users
transmit with a fixed power. Define the distance between
the sender and receiver as d. We need to find the optimal
deployment positions of all relays.

Consider only path loss and in wideband wireless com-
munications, the channel power gain is given by

hi =
ho
dαi
, (15)

where di is the link distance of user i, α the path loss
exponent, and ho the gain at the unit distance. For wired
communications, the signal attenuation usually grows expo-
nentially with the distance, e.g. hi = ho

eαdi
[15], [16]. In the

following, we focus on wireless communications because of
page limit. However, all theories developed in the following
sections can be easily extended for wired cases since both
dαi and eαdi are increasing and strictly-convex functions.

The overall achieved data rate of the system is

R = min
i
Ri = min

i

Piξiho
dαi No ln 2

. (16)

Since the transmission power is fixed for all users, maximiz-
ing the energy efficiency u is the same as maximizing the
rate R and the objective would be

maxR = maxmin
i

Piξiho
dαi No ln 2

,

s.t.
∑
i

di = d.
(17)

There is a unique optimal solution to problem (17) and for
the optimal solution, different users should achieve the same
data rate, i.e.

Piξiho
d∗αi No ln 2

=
Pjξjho

d∗αj No ln 2
,∀i 6= j, (18)

as otherwise, the user with a higher data rate than the
minimum rate should extend its link distance such that the
distance for the user with the lowest rate can reduce its link

distance to achieve a higher data rate. Therefore we have

d∗i
α
√
Piξi

=
d∗j

α
√
Pjξj

, (19)

and the optimal deployment strategy is

d∗i =
α
√
Piξi∑

j
α
√
Pjξj

d. (20)

Correspondingly, the highest energy efficiency of the system
is

u∗ =
ho

[∑
i(Piξi)

1
α

]α
dα(
∑
i(Pi + Pci) + Pr)No ln 2

. (21)

With the optimal deployment strategy, the link distance of
each user will be adjusted such that its data rate is the same
as all other users.

VI. ENERGY-EFFICIENT RELAY DEPLOYMENT AND LINK
ADAPTATION

In this section we discuss the optimal energy-efficient
relay deployment with link adaptation considering the power
limits.

The optimal deployment in this case should still satisfy
the condition in Section V because the deployment strategy
in (20) is optimal for all transmission power settings. The re-
maining question is what would be the optimal transmission
powers of all users given the power limits.

The problem is to find the optimal transmission powers
to maximize (21). From now on, let u denote the expression
in (21). We have the following objective

max
P

u =
ho

[∑
i(Piξi)

1
α

]α
dα(
∑
i(Pi + Pci) + Pr)No ln 2

s.t. Pi ≤ Pmi.

(22)

where the vector P = [P0, P1, ..., PK ]. Similar to the proof
in [4], it can be easily proven that the objective function is
strictly quasi-concave in P and there is a unique globally
optimal power setting. Furthermore, u first strictly increases
in Pi and then decreases in it. Therefore user i will use
either the peak power Pmi or the power value at which the
first-order derivative of u is zero. Summarizing the above,
we have the following necessary and sufficient condition for
the globally optimal relay deployment and link adaptation
and the maximum energy efficiency.

Theorem 1. There exists a unique globally optimal relay
deployment d∗ = [d∗0, ..., d

∗
K ] and link adaptation, P∗,

where

d∗i =
α
√
P ∗i ξi∑

j
α
√
P ∗j ξj

d. (23)

and

1) if Pmi <
[
ξi(Pidle+

∑
j 6=i P

∗
j )
α

(
∑
j 6=i(P

∗
j ξ
∗
j )

1
α )α

] 1
α−1

, then P ∗i = Pmi;



2) otherwise

P ∗i =

[
ξi(Pidle +

∑
j 6=i P

∗
j )
α

(
∑
j 6=i(P

∗
j ξ
∗
j )

1
α )α

] 1
α−1

. (24)

Here Pidle =
∑
i Pci+Pr, the total power except transmis-

sion power. The maximum energy efficiency of the system
is

u∗ =

[
ho
∑
i(P
∗
i ξi)

1
α

]α
dα(
∑
i(P
∗
i + Pci) + Pr)No ln 2

. (25)

Assume no power limit and ξi = ξj = 1,∀i 6= j. Then
P ∗i = P ∗j according to (24). The maximum energy efficiency
is

u∗ =
hoP

∗
0 (K + 1)α

dα((K + 1)P ∗0 + Pidle)No ln 2
. (26)

u∗ increases in P ∗0 . Therefore we have the upper bound of
u∗ when P ∗0 →∞, i.e.

u∗∗ =
ho(K + 1)α−1

dαNo ln 2
. (27)

This indicates that without power limit, the energy efficiency
of the system can always be improved with more relays. An
intuitive explanation is that with infinitely high data rate,
the time sending each bit can be infinitely small and the
circuit energy consumption is negligible. The system energy
efficiency is therefore almost solely determined by the
transmission energy. As the energy consumption increases
exponentially with the distance, more relays will always
help reducing the communication distances and therefore
improving the energy efficiency exponentially. However this
conclusion may no longer be valid when there are power
limits. With power limits, the data rate will be limited
and circuit energy consumption is not negligible. Whether
an additional relay can improve system energy efficiency
will depend on how much additional circuit power the
relay consumes. However we can always use Theorem 1 to
compare the energy efficiency when the system has different
sets of relays and decide how many relays would be the most
energy efficient.

Theorem 1 does not give the explicit P∗ and numerical
algorithms are needed to search for it. A similar issue has
been thoroughly studied in [4] to find the optimal energy-
efficient link adaptation for MIMO and OFDM communica-
tions. The difference in this paper is the per-element power
limits, {Pmi}. If the power limits are sufficiently large, the
binary search assisted ascent (BSAA) algorithm in [4] can
be used here too. Otherwise, we can modify BSAA slightly
to reflect the consideration of per-element power limits. The
improved BSAA for finding the optimal power setting is
summarized in Table I.

VII. SIMULATIONS

60 GHz wireless channels have very high bandwidth and
limited transmission power, which means that the wideband

Algorithm IBSAA(P̂)
Input: initial guess P̂
Output: the optimal P∗

1. P = P̂ and Pm = [Pm0, ..., PmK ].
2. while no convergence
3. do use GABS [4] to find the optimal step size µ∗;
4. P = min

[
[P+ µ∗∇u(P)]

+
,Pm

]
5. return P

TABLE I: Improved binary search assisted ascent

TABLE II: Simulation Parameters
Maximum Tx power, Pm 20 mW

Path loss at 1 m, PL0 57.5 dB
Path loss exponent, α 2.5

Noise figure, NF 6 dB
Noise spectral density, No -204 dB/Hz
Implementation Loss, IL 6 dB

Antenna Gain, Gt, Gr 30 dB
Bandwidth, B 1.5 GHz

Circuit power for the transmitter, Pc 0.2 W
Circuit power for the receiver, Pr 0.2 W

Power Amplifier efficiency, ξ 0.1

approximation is valid. We have looked at a short distance
60 GHz radio links and used the system model in Figure 1.
The simulation parameters are summarized in Table II, most
of which are based on the parameters in [17]. The circuit
power and power amplifier efficiency are estimated from
comparisons to similar low power transmitters. The antenna
gain, noise figure, and implementation loss are included in
the constant ho in equation (15) and the channel power gain
is expressed as follows,

h(d) =
GtGr

PL0 · IL ·NF · dα
. (28)

Fig. 2: Energy-efficiency and distance with one relay.

In Figure 2, we show the energy efficiency as a function of
distance for a direct link and for a link with one relay. The
upper bound is for the link with one relay and no power
limit. Using relays improves the energy efficiency as the
decreased path loss leads to increased maximum data rate.
This effect is much larger compared to the increased power



Fig. 3: Energy-efficiency and distance.

consumption due the relay transmission and circuit power.
Figure 3 shows that the energy efficiency increases with
the number of relays, but the gain diminishes with higher
numbers of relays, in which case more relays is needed
for the same effect. This diminishing return is shown more
clearly Figure 4. In Figure 5 it is shown that increased circuit
power of relays reduces the benefit on energy efficiency of
using multiple relays.

Fig. 4: Energy-efficiency and number of relays.

Fig. 5: Energy-efficiency and circuit power.

VIII. CONCLUSION

In this paper we have discussed optimal energy-efficient
communications in the wideband regime. Specifically we
have discovered the globally optimal link adaptation as well
as relay deployment strategies such that a multi-hop system
can run with the highest energy efficiency. We have shown
that if only link adaptation is used, all users should transmit
with the highest data rate necessary so that the circuit energy
consumption can be minimized. When all users transmit with

fixed power, the relays should be deployed such that each
link achieves the same data rate. If both the deployment
and power can be adapted, we have discovered the unique
and globally optimal strategy that automatically balances
the contribution to power consumption from transmission,
circuit operation, distance, and power amplifiers. The tech-
nologies proposed can be used in various communication
systems, such as the deployment and communication of
wired core networks and wireless broadband relay back-
hauls, to improve their energy efficiencies.
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