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1. Abstract
A passive mixer is designed in a silicon germine process for use in a 5GHz 

WLAN receiver. The design is implemented as a fully on-chip design and co-
package design with passive components integrated on the substrate in the 
package. Also for each implementation the performance is evaluated with 
twelve different bonding inductances, from 50pH to 2nH. To estimate 
connection parasitic floorplans have been made for normal wirebonding and 
solderbumps for each of the implementation. The performance parameters 
compared are conversion gain, noise close to signal, noise with high 
frequency offset to the signal and IIP3. Some performance differences can be 
found between different implementations but neither of the implementations 
can be consider superior to the other.
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2. Introduction
The objective of this thesis is to design a mixer and compare its behavior 

when it is implemented as a fully integrated design and as a co-chip package 
design. The fully integrated design has all the functions implemented on the 
chip even the matching networks and the co-package design has the core 
mixer and bias transistors on the chip and the matching is implemented on the 
package.

The first part of the report covers mixers, receiver architectures and 
WLAN standards. The next part is about how the design was carried out and 
issues discovered during this process. The last part compares the two different 
implementations of the design by simulations of the circuits.

2.1. Mixers
The basic, ideal function of a mixer is the multiplication of two signals 

with each other to produce a product signal with a different frequency.
If we mathematically perform a multiplication between the two sinusoidal 

signals: 
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One of those two frequencies is used and the other is filtered away. In 
receivers we use the lower frequency, ωout1, which is called ωIF. This is 
because in the receiver we want to convert the high frequency RF signal to a 
lower one that is easier to demodulate.

The fact that we get two frequencies as a result from the multiplication 
means that there is one other frequency than ωRF that also will be converted 
down to ωIF.
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This means that there is a lower bound for the noise figure achievable in 
all mixers. Because if we assume that the noise level at frequencies close to 
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ωLO is constant, same noise level at ωIM as ωRF, the lowest theoretical noise 
figure achievable is 3dB (=2 times). This is because noise from ωRF and ωIM 

are mixed down to ωIF. The only way to reduce the noise figure further is by 
reducing the noise level at ωIM, which can be done by filtering or by using a 
image rejection architecture that suppress the image frequency.

Figure 1 Frequency transformation in a mixer
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2.2. Comparison of different mixer types
There are several types of circuits to implement a multiplication (mixing) 

of two electrical signals. This section will contain a brief overview of some of 
those topologies and also a short description of how they work and some of 
the advantages and disadvantages that they each offer.

2.2.1. Active mixers
A very popular type of mixer for integrated circuits is the Gillber cell, 

which is a type of active mixer.
In this circuit the RF signal is first 
converted from voltage to current, 
by M3, and then it is multiplied by a 
square wave, in transistor M1 and 
M2. This square wave is generated 
by the LO signal that drives the 
gates to M1 and M2. Because those 
transistors work as switches the 
amplitude of the square wave will 
be equal to one. 
The conversion from voltage to 
current, done by M3, is not very 
linear so it will have an effect on the 
IP3 for the mixer. It does not only 

add nonlinearity but also generates thermal noise from the channel resistance 
and 1/f noise because of the bias current through the transistor. Transistor M1 
and M2 only adds thermal noise because they don't have any DC bias current.

In an active mixer the RF input signal is, in most cases, amplified in the 
conversion from voltage to current, this amplification relaxes the 
requirements of noise figure for later blocks in the receiver chain.
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2.2.2. Passive mixer
The passive mixer performs the multiplication directly in the voltage 

domain instead of in the current domain as the active mixer. This means that 
there will neither be as much nonlinearity added, nor will it provide any 
amplification of the RF signal to the IF. 

A passive mixer 
can not amplify the 
incoming RF-signal 
in any way, but the 
multiplication it 
performs is 
between the RF-
signal and a square 
wave with 
amplitude of one. 
The unity 
amplitude has it’s 
origin in the 
switching of the 

MOSFET’s pairs (M1, M2 and M3, M4). When one of those pairs is on the 
RF signal is passed directly to the output which is the same as multiplying it 
with one. So when the first pair (M1, M2) is conducting the RF signal is 
transferred to the output directly, that is a multiplication with plus one. When 
the other pair is turned on (M3 & M4) the inversed of the RF signal is passed 
to the output which will result in a minus one multiplication to the RF signal. 
Since the amplitude of the fundamental frequency for a square wave is 
4/Pi*squarewave amplitude. It may appear as though the mixer has some 
amplification but it is only because of the higher amplitude of the 
squarewaves fundamental.  

There is still some nonlinearity in this type of mixers because the channel 
resistance changes with the drain source voltage.

The main noise source in a passive mixer is the thermal noise from the 
channel resistance. It is possible to eliminate all 1/f-noise from the MOSFETs 
by designing the mixer to not have any bias current through the MOSFETs.

Isolation between LO and the antenna (RF) is achieved by the transistors 
so the leakage from LO to RF is small if the transistors are kept small. 
Isolation between LO and IF is achieved by the balanced structure in the 
circuit, so mismatches in transistors will result in a higher leakage to the IF.
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2.2.3. Diode mixer
In a single-diode mixer the sum of the local oscillator signal and the radio 

signal is fed to the anode of a diode. Then the non-linearity in the diode will 
produce harmonics and 
intermodulation frequencies at the 
cathode. To filter out all non 
wanted harmonics an LC-tank, 
which is tuned to the intermediate 
frequency, is applied to the 
cathode. This type of mixer has a 
great deal of feed through but in 
some high frequency cases it’s suitable to use it anyway.

In double-diode mixers the 
local oscillator signal drives the 
diodes so they function as 
switches for the radio signal. This 
means there will be some 
isolation between LO and IF but 
there is still poor RF to IF 
isolation.

The double-balanced diode mixer functions in the same way as the double 
diode mixer but the symmetry of the circuit also provides isolation between 
RF and IF.

Figure 6 Double balanced diode mixer.
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2.2.4. Potentiometric mixer
Potentiometric mixers use a voltage-controlled resistance to perform the 

mixing of the radio and local oscillator signal. An example of a voltage-
controlled resistance is the drain source resistance of a MOSFET working in 
its triode-region. 

Figure 7 Potentiometric mixer.

If the radio frequency signal is applied to the gate-source of the transistor 
while drain source is a constant voltage the current flowing through drain 
source will be a copy of the radio signal. But if the drain-source voltage 
instead varies with the local oscillator signal the current will be a mixed 
product of the radio and local oscillator signal. This current is then 
transformed into a voltage by a transconductance amplifier.

To achieve good linearity it is important to keep the transistor well in its 
triode-region which means it’s very important to have a large DC component 
added to the radio signal. Typical potentiometric mixers have a good linearity 
but the noise figure is not that good. The bad noise performance is due to the 
thermal noise generated in the drain-source resistance in the FETs and 
difficulties to provide a good noise match with a broadband op-amp.
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2.2.5. Parametric mixer
Parametric converters uses the change of capacitance in a varactor diode to 

provide amplification, this capacitance change can be used to mix signals as 
well.

The nonlinearity of the capacitance 
change adds to the nonlinearity of this 
type of mixer.
Noise for this type of mixers is low 
because there is just one diode that can 
generate noise.
Isolation from LO to RF and IF must be 

achieved by filters so it will not be as good as in the passive and active mixer.

2.2.6. Unbalanced / single balanced mixer cell 
The unbalanced mixer cell and single balanced mixer cell uses nonlinearity in 
transistor(s) to achieve the mixing function.

This mixer have the advantage that it can work with low supply voltage 
because there is only one transistor in the path from positive to negative 
supply. But LO power will  
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2.3. Architecture
To have any use of a mixer it is necessary to put it in a larger context with 

other circuits around it such as amplifiers, filters, oscillators or other mixers. 
For example there is a need for filters to remove noise at the image frequency 
and to remove the second IF product.

To get a feeling of what is needed around the mixer it is necessary to 
understand the requirement for the whole receiver or transmitter. This section 
covers some basic about the WLAN standards that tells a lot of what is 
required of a receiver of radio signals in a WLAN. There is also some 
suggestions about how the mixer can be used in a WLAN receiver.

At the end of this section there is also a brief summary of some of the 
reported mixer designs and their performance.

2.3.1. WLAN standards
Two different 5GHz wireless local area networks (WLAN) standards for 

Europe and the US have evolved. The one developed in Europe is called 
HiperLAN2 while the one from US is called IEEE 802.11a /n/ac.

They are quite different from one another when it comes to the MAC-layer 
but for the physical-layer there are lots of similarities [8]. That present the 
opportunity to use the same or similar RF-parts in receivers for both the 
HiperLAN2 and IEEE 802.11a.

For example the lower frequency band for both the standards is in the 
same frequency range but the highest is unfortunately a little different.

Standard Frequency band 1 Frequency band 2 Frequency band 3

HiperLAN2 5.15 – 5.35 GHz 5.470 – 5.725 GHz -
IEEE 802.11a 5.15 – 5.25GHz 5.25 – 5.35GHz 5.725 – 5.825 GHz
IEEE 802.11n/ac4.895 – 5.00GHz 5.03 – 5.34GHz 5.48 – 5.845GHz

Table 1 WLAN frequencies.

In the 802.11a each frequency band has 8 channels of 20MHz each with 
52 subchannels that are 300kHz wide. The modulation scheme for those 
subchannels can be binary phase shift keying (BPSK), quadrature phase-shift 
keying (QPSK) and quadrature amplitude modulated with 16 points (16-
QAM). Which modulation used depends on how good the signal can be 
received. The data rates for each channel will then be 6Mb/s, 12Mb/s and 
24Mb/s for the respective modulation. The standard also has possibilities to 
theoretically increase the data rate to 54Mb/s.

802.11n is an speed improvement of previous 802.11 standards. It can 
reach transmissions rates up to 600Mb/s. This is achieved by having multiple-
input multiple-output antennas (MIMO), frame aggregation, channel 
bandwidth up to 40MHz and modulation up to 64QAM. 

Page 12



802.11ac is an further improvement of 802.11n that aim to achieve up to 
1300Mb/s. For this standard the channel bandwidth is increased up to 
maximum 160MHz, the MIMO streams are doubled compered to 802.11n 
and the modulation can be up to 256QAM.
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2.3.2. Suitable receiver architecture for this mixer
Because of the low ratio between IF frequency and the RF bandwidth 

needed in this receiver the image-rejecting filter would need a very high Q-
value if it was a normal fixed frequency filter. These high Q filters aren’t easy 
to implement on a chip and they will require lots of area. So the best use of 
this mixer is in a so-called image rejecting architecture that rejects the image 
frequency without any filter. Two examples of those architectures are the 
Hartley and the Weaver architecture.

Figure 10 Hartely image rejecting architecture.

Figure 11 Weawer image rejecting architecture.

Image rejecting architectures can not eliminate the image frequency totally 
because of non-ideal behavior in the circuitry, so there is still a need for some 
kind of image rejection filter. But if the filter can be made to change its cut 
off frequency when different channels are selected it does not need that high 
Q-value. Examples of one such filter is presented in [8].
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2.3.3. Reported designs
The first design is a passive double balanced mixer for a GPS (1.57GHz) 

receiver implemented in a standard 0.35um CMOS technology [4]. 
Measurements of this design have shown an IIP3 of 10dBm with input 
frequencies 1.575GHz and 1.585GHz. The single side band noise figure was 
estimated to 10dB. Voltage conversion gain was measured to -3.6dB.

The second design is a comparison between one active and one passive 
mixer implemented in a 0.35um CMOS technology [5]. Both of the mixers 
were designed for a 1.8GHz RF input and an IF frequency of 150MHz. IIP3 
for the mixers was +16dBm for the passive and -6dBm for the active. Single 
side band noise figure of the two mixers was 10dB for the passive and 7.2dB 
for the active. From this we can see that the passive mixer has a higher 
dynamic range than the active.

Another design is the  unbalanced mixer cell for 5GHz [10] that was 
implemented in a 0.18um CMOS process. The conversion gain for this design 
is 14.9dB, 10dB and 5.1dB with LO power equal to -10dBm, -15dBm and 
-20dBm. Input IP3 is -4.5dBm, 0dBm and 5dBm, for the same LO powers as 
the gain was evaluated for. Simulated noise figure was 14dB.

In [11] a passive resistive mixer designed was reported. This  design was 
made in STMicroelectronics 130nm HCMOS process and designed for use in 
the 5GHz frequency. It achieved a conversion gain of -7dB, IIP3 of 10dBm 
and a noise figure of 8dB.
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3. Design
The first thing to decide when designing a mixer is what type of mixer 

topology that should be used. This decision should be based on what data is 
required and how it is supposed to be implemented. But the design work does 
not end there, there is also a need for choosing types of matching for input 
and output and also there is probably a need for some bias circuitry.

The mixer core used in this design will be a passive mixer with four 
MOSFETs which work as switches, for more information see 2.1.2 Passive 
mixer. This mixer will be realized on chip in a mixed signal 0.35μm process 
from IBM. The design of bias circuitry and matching networks for this mixer 
core will be presented in the following sections.

3.1. Bias net design
The main purpose of the bias net is to make sure the gates on the mixers 

switching FETs is about one threshold voltage higher than their source 
voltage. This is done by lowering the source voltage with one gate-source 

voltage drop from the 
positive supply. The 
advantage with this is that 
the signal on the gates, 
which is the local oscillator 
signal, can be biased 
around the positive supply, 
this is usually the case if 
the local oscillator is a “–
gm oscillator”. 

So if this type of oscillator is used there is no need for any DC blocking 
capacitors between the oscillator and the mixer. The signal can be directly 
connected between those two units and does not need to be routed off the chip 
if oscillator and mixer are placed on the same chip.

Figure 13 Oscillator, bias for mixer and mixer.
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There are actually facts that speak for that the use of bias nets is not 
needed for this passive mixer. The disadvantages of providing a bias point is 
that there will be 1/f noises from the transistors. Also the conversion gain for 
the mixer with a capacitive load will be lower than it would be if the switches 
were on only during a short instance of time at the peak voltage of the local 
oscillator signal [4]. But this will also reduce linearity and there are also 
practical things to think of before using this to increase the gain. One of those 
things is that the local oscillator amplitude must be controlled in some way so 

that isn’t lower than 
the threshold voltage 
of the switching 
FETs, because in that 
case the gain of the 
mixer will be 
radically decreased.

Despite the fact 
that the bias net will 

lower the conversion gain this design will have one. This is because the 
higher linearity and robustness to variations in the local oscillator amplitude.

3.2. Noise design
Because of the nonlinear behavior of the mixer it isn’t possible to use 

normal small signal AC analysis to calculate or simulate the noise. Instead it 
is necessary to do this small signal analysis at some different location for the 
LO signal. This will give us an output noise that vary periodicallies with the 
LO signal [6].

To get an understanding of how the matching networks should be designed 
to get the best noise performance I have tried to do a simplified noise 
equivalent model for the mixer. The first step in this simplification is to 
assume that the RF signal is so small that it can be neglected.

Figure 15 Core mixer and matching nets.
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The next step is to eliminate two of the transistors. This can be done if the 
gate signal to the remaining transistor is equal to the fully rectified signal of 
the LO-signal. This simplification will only work for a noise model because 
the noise level does not depending on the polarity of the noise signal.

Figure 16 First step in deriving a simple noise model.

The third and last step in the simplification is to cut the circuit in half, this 
can be done because of the symmetry of the circuit. Of course this means that 
all signal and noise levels also will be half but that dose not make any 
difference for this analyze and if it should it is possible to account for it in the 
analyze. 

Figure 17 Final simplified schematic for noise model.

So what’s left is a circuit with only one transistor, two matching networks, 
source resistance and load impedance. This is somewhat simpler to analyze 
than the full mixer, but remember that it can only be used to analyze noise 
behavior. It is also important to remember that the desired signal does not 
have the same frequency at node “IF” as it has at node “RF”, which is a result 
of the frequency transformation in the mixer.

The noise sources that are interesting to study are the internal ones, which 
are drain-source noise and noise from the bias circuitry. There is actually one 
more source that could be of interest and that is the noise on the input at the 
image frequency. However that frequency is usually attenuated in some other 
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way so it will not be studied here. We start to exam the noise coming from 
the drain source channel of the MOSFET.  

Figure 18 Drain source noise source.

From Figure 18 it’s possible to derive an expression for the transfer 
function of the drain source noise to the output.
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In the last factor, 2
AMN2 ,  the figure 2 in the denominator comes from the 

matching between Rload/2 and Zout at the intermediate frequency.
What can be done to prevent this noise from coming to the output? RDS can 

not be increased because it will also increase the Vn,DS and will also reduce the 
gain for the mixer. Neither can AMN2 and Z2 be changed without affecting the 
gain of the wanted signal. But we can do a little with Z1, if it has high 
impedance at the image frequency it will decrease the noise at this frequency 
and prevent it from being transformed down to the intermediate frequency.

The second noise source to study is the noise from the bias circuitry and 
how it will be transferred to the output.

Figure 19 Bias network noise.

The transfer function for this noise source to the output will then be: 
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As was the case for the Vn,DS we can do nothing about rds, Z2, AMN2 also it is 
not recommended to increase Zbias either. What can be done is to reduce Z3 
at higher frequencies. It must still have high impedance at DC so it doesn’t 
load the bias supply. This can be achieved with a bypass capacitor connected 
from the bias node to ground.
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3.3. Matching-network design
The primary function a matching network should fulfill is to transform 

impedance so it will be matched to the source/load, this is needed to 
maximize the power delivered from a constant power source. This maximum 
power transfer requirement can be broken down in two parts. The first is to 
minimize reflection of signals on the line if there is a long connection 
between source and load. The second is just to maximize the power delivered 
to the load. Both of those parts can be somewhat tricky to understand for a 
low frequency analog designer. But for the first part it is just to accept that if 
the connection is longer than one tenth of the signals wavelength there is a 
risk for reflections and a matching to the lines impedance is recommended. 
The second part is, in my opinion, tricky because in low frequency designs 
it’s common to try to minimize output impedance and to maximize input 
impedance, which is the opposite of matched impedances. But it should be 
noted that this maximizes the voltage signal transfer and not the power 
transfer. Because of the low power levels in the RF design there is a need to 
optimize the power transfer instead of the voltage.

Figure 20 Examples of matching networks a) LC b) transformer c) dividers.

Matching network can be implemented in many ways but an important 
thing is that they have as low internal loss as possible. Some of the 
implementations are transformers, LC circuits, capacitive or inductive 
dividers. The transformers transformation of impedances is quite straight 
forward, the turns ratio will do the work. For the LC circuits, of which there 
exists a lot of different types, uses resonances to do the transformation. And 
the dividers is also quite straight forward, they divide down signals so the 
impedance is transformed to a higher value. For this design only LC circuits 
will be used as matching networks, because transformers are difficult to 
implement on-chip and the dividers has a limited range of impedance 
transformations.

3.3.1. Choice of matching network to the mixer
Because there exist many different types of matching nets there is a need 

to find which type that should be best suitable for this mixer. To reduce 
complexity it is assumed that perfect match is needed at only one frequency. 

Page 21



This is a fairly good assumption because the bandwidth for the received 
frequency band is small compared to the absolute frequency of the band.

The first thing to consider when choosing type of matching networks is 
what type of characteristic is needed for that matching. The RF matching 
network must block DC from the bias circuit from reaching the RF input and 
it shall also attenuate the signal at the image frequency, so a highpass or 
bandpass characteristic should be the best choice. There is actually one type 
of matching that suits those requirements very good, the L-match network. 
This is the simplest type of resonance matching with an inductor and 
capacitor. The capacitor is connected to the input signal and the inductor to 
the bias supply, the signal to the core mixer is taken from the node connected 
between the capacitor and the inductor. Since this design works with 
differential signals the matching needs to be duplicated, one for each of the 
two differential signals.

Figure 21 L-matching network on the RF input.

This matching net will have an output impedance that is higher than its 
input impedance, because the resonance current from the L and C must go 
through the input source. This increase in the output impedance is actually an 
advantage because this means that the losses in the RDS of the FETs will be 
decreased. When used in the frequency range of 5GHz the values required for 
capacitors and inductors in this matching net is fairly low. This means that 
they won’t require a huge amount of area to implement on a chip or in a 
package design.

The IF matching network should provide attenuation for the sum signal, 
Wlo+Wrf. This is because the only signal wanted on the output is Wrf-Wlo. 
Therefore a low-pass or band-pass characteristic is the best choice here. If the 
IF signal needs a DC block also it can be implemented in two ways, either by 
using the band-pass characteristics or by adding a large DC block capacitor 
after the matching. This design will not have any DC block on the IF output. 
The first choice for this matching was a T-matching. This is a resonance 
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matching with two inductors, one on the input and one on the output and 
between them a capacitor connected to ground.

Figure 22 T-matching net for the IF output.

The main reason for choosing this net is because it has a low pass 
characteristic that will attenuate the high frequency component coming from 
the mixer, so only the low frequency IF signal reaches the output. Also this 
net should ideally have high input impedance at high frequencies. This means 
that the mixer should not need to provide high current at those high frequency 
components so those shouldn’t load the input of the mixer. But after 
simulations with this matching and the one presented in “Revised bias net
design” it turned out that the impedance at high frequency really wasn’t of 
any concern.

Unfortunately the component values, especially the inductor, for the IF 
matching nets will be quite large because of the low IF frequency. So it will 
not be efficient to implement them on a chip or even on a package because of 
the huge amount of area that would be required. This means that surface 
mounted (so called SMD) components must be used instead.

This network actually did not turn out to be optimal and that will be 
covered in the coming section “Revised bias net design”. 

The signal from the local oscillator, LO- signal, is matched by adding 
inductors that resonate with the gate capacitance at the LO frequency [8].

3.4. Transistor size impact on performance
Because of the current passing through the MOSFETs during their on state 

there will be losses in the channel resistance, RDS. This channel resistance 
depends on the length and the width of our MOSFETs and when designing 
integrated circuits both of those can be chosen to optimize the design. A low 
length and a large width will give a low RDS, which also will give low losses. 
But unfortunately a large width will also increase the capacitance from the 
gate to the drain and source and this means there will be a higher LO feed 
through to the IF and RF signal. What is worse is that this feed through will 
also reduce the linearity of the mixer so it will lower the IP3.
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 To find out how the size of the transistors would impact the data for the 
mixer I run some simulation of conversion gain, output noise and IIP3 with 
different transistor width.
Width [μm] Gain 

[dB]
Noise@1kHz[V

]
Noise@10MHz[V

]
IIP3[dB]

10 -15.5 394p 69p -15.2
20 -15.0 555p 100p -10.6
40 -15.3 1040p 133p -9.9
60 -15.3 1150p 156p 5.1

Table 2 Performance versus transistor width.

As we can see in the table above the best conversion gain was achieved 
with a width of 20μm and so this transistor width was chosen as the final for 
the design.

3.5. Revised bias net design
As mentioned in “Choice of matching network to the mixer” the matching 

net on the IF output of the mixer was not optimal. The disadvantage of this T-
matching network is that it has two inductors that both need to be surface 
mounted.

A simpler alternative to a T-matching net is an L-matching net that only 
needs one inductor instead of the two used in the T-match. When differential 
signals are used, as in this design, there will be totally two inductors less. The 
disadvantage with the L-matching net is that there will be a capacitor directly 
on the output of the core mixer. This capacitor will short any high frequency 
harmonics on the output of the mixer core to ground. The first theory I had 
was that if those high frequency harmonics were shorted to ground a lot of 
power would be wasted because of the high current at high frequencies. But 
as simulation showed this was wrong because the core mixer does not present 
a fixed voltage signal at the low and high IF frequency, it seems as it rather 
presents fixed power. So the wasted power seems not to depend on the 
impedance of IF matching at high frequencies. 

Since the simulations of the mixer with this simpler L-matching turned out 
to have about the same performance as the one with a T-match the simpler 
one was chosen for the final design. 
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Figure 23 The mixer with matching net on RF input and IF output.
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4. Implementation
Here will we use our design to compare how the performance of the mixer 

changes when different implementation strategies are used. To do this it is 
necessary to add bonding wires, pad capacitances and interconnection 
resistances and capacitances to the circuit.

The comparison is done between a fully on-chip design and a chip-
package co design, in both of these two cases the performance is evaluated 
for different bonding technologies.

The on-chip design has the RF-matching circuitry, core mixer and LO 
input inductances on the chip and only the IF-matching circuitry is located off 
chip, while the chip-package co design has the RF-matching network 
implemented with embedded components on a glass substrate. Because of the 
high inductance in the IF-matching circuitry there is no advantage to 
implement it on the chip or as an embedded inductor on the substrate. So 
instead a surface mounted chip-inductor placed on the substrate is used.

Figure 24 Placing of funtions in 1) full on-chip implementation and 2) chip package 
co implementation.

The different bonding technologies used are solderbump or C4 and some 
different wire bonding techniques. When solderbumps are used the 
inductance for the bonding is 50pH to 100pH. There is also some limitation in 
how close the on-chip bondingpads can be when using solderbumps. 
Interconnection inductance for the bonding wire will range from 100pH to 
2nH for different bonding technologies and the tolerances of the inductance 
for one technology are in the range +-5% to +-20% [9].

4.1. On-Chip
For the on-chip implementation everything except the IF-matching 

circuitry will be on the chip. The values of L and C in the IF-matching will be 
the same as in the ideal design carried out previously. This means that it will 
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have an output impedance of 50 ohm, to match the load, and an input 
impedance of approximately 1k ohm.

The bonding inductance and associated pad capacitances will be placed 
between the RF signal source, that has a 50 ohm output impedance, and the 
RF-matching circuitry. There will also be one bonding placed between the 
output from the mixer and the input to IF-matching circuitry.

Figure 25 Schematic full on-chip implementation.

Because of our different bonding technique the inductance of the bonding 
connection will change. This means that the input and output impedance also 
will change if we don’t modify the matching net to compensate for this. 
Because of the difficulty to change the SMT inductor, we choose just to 
change the RF-matching net for this compensation. But as only the inductor 
models provided with the process are used it isn’t possible to change the 
inductance continuously but rather in steps, so some mismatch will occur. It’s 
easier with the capacitance which is possible to change continuously, so the 
mismatch impedance will just have one real part. This is because the 
imaginary part can be fully canceled with the right value on the capacitance.

4.1.1. Layout
To get a sense of what kind of parasitic capacitances and resistances we 

will have we do a rough sketch, a so called floorplan, of how bonding pads 
and different functions should be placed on the chip. Because the solderbump 
technology has very different layout rules from the ordinary bondwire it 
usually requires a different floorplan than the bondwire technology does.

In the ordinary bondwire technology the bonding pads, that are 100μm in 
square, must be located around the chip edges and they can be fairly close to 
each other.
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Figure 26 Floorplan for full on-chip implementation. LLO=LO inductances, LRF=RF 
matching inductances.

From the floor plan it’s easy to see that each of the IF signals must be 
connected with a wire of about 200μm and the LO signal will need a 
connection of about the same distance. Also the ground and Vcc will be 
connected by a long connection.

For the solderbump technology the bondingpads can be placed almost 
anywhere on the chip, they do not need to be around the edges of the chip. 
The constraint here is that two pads can not be closer than 100μm from each 
other.

Here it is possible to use the same layout for both the bondwire and 
solderbump. And because of the large distance between the solderbump pads 
there is no advantage to do a different layout for this technology.

4.1.2. Electrical models
Now when we have the floorplan with interconnection length it is possible 

to make a model of the whole mixer that matches realistic circumstances 
fairly well. To do this we must know how to model some of the parasitic 
components in the circuit. 

The first component to model is the bonding pad, both on the chip side and 
on the substrate side. These pads are modeled with a capacitance to ground 
and for the chip pad it is 81fF and for the substrate it is 10fF. Next the on-
chip interconnects needs modeling, here they will be modeled by a 
capacitance and a resistance. A 200μm long and 10μm wide interconnect in 
the top metal layer has a capacitance of 24fF and a resistance of 0.7Ω. To get 
the signal to the top layer we must have some vias between the metal layers 
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on the chip. These vias are modeled by a resistance. If we assume that it is 
possible to parallel some vias it is reasonable to assume a total resistance of 
1Ω for those.

Capacitance to GND Resistance, series

Bondpad on chip 81fF -
Bondpad on substrate 10fF -
Interconnect 200x10μm 24fF 0.7 Ω
Vias - 1Ω

Table 3 Capacitances and resistances for parts.

From this and the length of the interconnections we can calculate that the 
IF connection will have a capacitance of 24fF and a series resistance of 1.7 Ω. 
The RF signal connections are so short that there capacitance and resistance 
can be neglected in this model.

Last we should model the bondwires that connect the chip and the 
substrate. These bondwires are modeled as an inductance which has different 
values depending on what type of bonding technology is used. Since the 
performance with different bonding technologies are to be investigated the 
value of this inductance will change from 50pH to 2nH. Within this range 
twelve different bond inductance values are chosen. The two first 50pH and 
100pH is for the solder bump bonding technology and the rest, from 245pH to 
2nH is different bond wire technologies.
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4.1.3. Matching networks.
To avoid unnecessary loss the input impedance to the mixer need to be 

match to the line impedance of 50Ω. As said earlier this matching is achieved 
by a matching net and because of problem with changing the IF matching net 
this is entirely done by changing the RF matching net.

This RF matching net is placed on the chip so the bonding inductance at 
the RF input will be placed in series with the line impedance and form a 
sourceimpedance (Zout). So to achieve a matching the in impedance to the 
RF matching net shall be the complement of the impedance seen from the 
Chip pad and bond inductance.

Figure 27 RF matching network.

The RF matching net must convert the core mixer input impedance, Zin, to 
the complement of the output impedance from the chip pad and bond 
inductance at the RF port, Zout. The easiest way to find the value for those two 
impedances is to simulate the circuit with different values for the bond 
inductance. The Zout impedance is easy to simulate with an ordinary AC 
simulation but Zin is little more difficult, because it requires the non linear 
transfer function of the core mixer to get the right values. This is achieved by 
doing a simulation that includes non linear behaviors, in Cadence design 
system this is called “periodic AC analyze”.

From the Zin and Zout values it is quite straight forward to calculate the 
values needed in a matching net with ideal components. But since we are 
dealing with real components it is not always possible to use the ideal values. 
Capacitors realized on chip are actually so good that they can be modeled 
with their ideal model. But the component that deviates most from its ideal 
behavior is the inductor, so it also needs to be modeled with a loss. To model 
this loss a resistance is added in series with the inductor. This loss in the 
inductor makes it impossible to use the calculated ideal values in the 
matching net because it will affect both the C and the L value.
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To learn how large a loss the real inductor has some inductors is tested in 
simulations at a frequency of 5.25GHz and the real and imaginary part of 
their impedance, ZL, is extracted. From those values an L and an R in series is 
extracted that will model the inductor at the 5.25GHz frequency. These 
values can be found below in table 4. 

Nominal  
inductance

XL @5.25GHz 
(imaginary)

RL @5.25GHz 
(real)

Inductance 
@5.25GHz

2.5n 88.3 23.6 2.678n
3.1n 120.9 23.6 3.666n
3.4n 135.6 29.64 4.112n
3.6n 181.3 76.71 5.497n
3.8n 158.9 44.82 4.818n

Table 4 Inductor data at 5.25GHz.

As we see the resistive part in the inductor is quite large at 5.25GHz so it 
will have a large impact on the values of the matching net.

Then we have Zin, Zout and ZL it is possible to calculate what components 
should be used in the matching network on the RF port. First it is possible to 
see that the capacitor will take care of the matching of the imaginary parts in 
the impedances. This is because this capacitor only has an imaginary 
impedance, Xc, and it is placed in series with Zin and Zout. Also this capacitor 
will not affect the real parts of either Zin or Zout so this matching must be done 
with the inductor in the matching net. So the inductor we need in the 
matching net must transform the real parts of Zin to the real part of Zout. This 
means that the real part of Zin in parallel with the real part of ZL must be equal 
to the real part of Zout.

)//(Real Linout ZZR =
From this equation it is possible to calculate a ZL value, with a XL and RL, 

which will achieve a perfect match. But since the inductors that are available 
most likely won’t match this calculated value another method is used. This 
method is to plot RL vs ZL in a graph, which is no problem when Zin and Rout 

is known. With help of this graph the inductor that is closest to required value 
is chosen.

The last step is to place the chosen inductor in the circuit and simulate the 
input impedance to Zin in parallel with the inductor. From this simulation it is 
easy to calculate a capacitance that transforms Zout to the imaginary part of Zin 

in parallel with inductor.
)//(Imag Linout ZZZ =−

Because the inductor probably will not match the preferred value this will 
not result in a perfect matching but since the inductors available are in fixed 
values this miss match we have to accept. Also the resistive part in the 
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inductor will generate a loss in the matching net. These are also things we 
have to accept within this chosen technology.

Now it is possible to find what values are needed in the RF matching net 
for all the different bonding technologies. These components values can be 
found in the column “matchnet values” in table 5, all calculated according to 
the procedure described above. The values in column “Zin” and “Zout” in table 
5 are extracted from circuit simulations with “periodic AC analyze” 
respectively “normal AC analyze”.

Core mixer Zin Source Zout Matchnet values

Lbond Rin Xin Rout Xout L C

50p 123 -387 49.3 -5.8 2.5n 317f
100p 121 -391 49.7 -4.2 2.5n 312f
245p 121 -392 51 0.45 2.5n 298f
440p 126 -392 52.8 6.9 2.5n 280f
635p 117 -399 54.7 13.5 3.1n 186f
830p 112 -405 56.7 20.4 3.1n 178f
1.025n 113 -403 58.9 27.6 3.1n 171f
1.22n 118 -399 61.1 35 3.1n 163f
1.415n 79 -412 63.5 42.6 3.1n 153f
1.61n 72 -348 66 50.5 3.1n 142f
1.805n 113 -360 68.6 58.8 3.1n 143f
2n 125 -361 71.4 67.3 3.1n 139f

Table 5 On-chip RF matchnet values.

When the performance for the different bonding technologies are 
evaluated the RF match net components from table 5 are placed in the circuit.

4.1.4. Performance
Three parameters are tested to evaluate the performance of the mixer. 

These are conversion gain, noise generated in the circuit and third order 
nonlinearities (IIP3). For all evaluation simulations of the circuit it is loaded 
with 50Ω on the IF output and the RF signal has a source impedance of 50Ω. 
Also the components in the RF matching net will have values that correspond 
to the bonding technology used.

When evaluating the conversion gain the ratio between RF signal input 
power and IF signal output power is simulated. For this simulation a 
“periodic AC analyze” is used. To evaluate the noise generated in the circuit 
the RF signal source impedance and IF load resistance are noise free 
components and the noise with an offset from the IF signal frequency is 
plotted. This is done by a so called “periodic noise analyze”. The third order 
nonlinearities are evaluated by having two input signals with different 
frequencies and plot the height of the fundamental output frequency and the 
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mixing product of the 2 input signals. To do this a “periodic AC analyzsis” 
with two input frequencies is needed.

In table 6 the performance result of the on-chip mixer can be found for all 
twelve of our bonding technologies.

Lbond RF 
matchnet

Zin Conversion 
gain

Noise IIP3

L C 1kHz 
offset

10MHz 
offset

50p 2.5n 317f 47.6 -21.5 1.13n 139p 3.6
100p 2.5n 312f 47.2 -21.5 1.13n 139p 2.5
245p 2.5n 298f 46.0 -21.5 1.13n 139p 2.9
440p 2.5n 280f 44.2 -21.5 1.13n 139p 3.0
635p 3.1n 186f 53.1 -19.9 1.15n 131p 1.1
830p 3.1n 178f 50.5 -19.9 1.15n 131p 0.6
1.025n 3.1n 171f 57.8 -19.9 1.15n 131p 1.2
1.22n 3.1n 163f 54.5 -20.0 1.16n 132p 0.5
1.415n 3.1n 153f 50.7 -20.3 1.16n 132p -0.5
1.61n 3.1n 142f 55.7 -20.6 1.18n 133p -0.6
1.805n 3.1n 143f 56.3 -20.1 1.18n 132p -0.7
2n 3.1n 139f 53.4 -20.1 1.19n 133p -0.7

Table 6 On-chip performance.

In this table we can see that the noise generated in the circuit isn’t changed 
very much when the bonding inductance is changed. The conversion gain is 
increased when the bonding inductance is increased and the IIP3 is decreased.
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4.2. Chip package co design
What will happen if the design is changed to have as many as possible of 

the passive components placed on the substrate? This will be investigated in 
this section.

First we consider how the chip layout will be affected of this change and 
floorplans are made. From these the electrical parameters are estimated and 
placed in the simulation schematic. Last the performance of the mixer and its 
matching networks is simulated at twelve different bonding inductances, the 
same as for the full on-chip implementation.

The first thing that must be done is to find out which components can be 
placed off the chip and also if it is preferable to do so. Inductors are the 
components that gain most in performance when placed on the substrate 
instead of on the chip. Capacitors are fairly good when implemented on chip 
and, from what I have found, there is no reason to believe they should 
degrade in performance when implemented on substrate. 

So from this we can conclude that it should be an advantage to place all 
inductors and capacitors from the chip on the substrate. That means all of the 
RF matching components and also the LO inductors. But we choose to not 
move the LO inductors when the simulation is done. This is because the 
waveform on the gates has a large impact on the mixers performance. And 
since we wanted to do a fair comparison between the two different 
implementations the LO signal should have the same source impedance, to 
get the same waveform on the gates. 

Placing the RF matching nets on the substrate will also add an extra pad 
and bonding to the chip because it also requires access to the bias voltage on 
the substrate.

Figure 28 Package-chip schematic.

4.2.1. Layout
The chip’s floorplan in the co substrate implementation will need one 

more pad for the bias voltage than the full on chip implementation required. 
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However the circuitry will be reduced to just the core mixer and the bias 
transistors since all large inductors are moved off the chip. 

The layout rules for the chip are the same as before with 100μm space 
between pads for the solderbump bonding technology but not for the ordinary 
bondwire technology. This means that we will have two different floorplans, 
one for each of the two bonding technologies.

For the solderbump technology the minimum space between the pads will 
set the area for the chip.

Figure 29 Solderbumps floorplan.

As can be seen in Figure 29 this results in a lots of unused space on the 
chip. However the chip area is still smaller than it was for the full on –chip 
implementation. From this floorplan can we do a rough estimation of the 
interconnections length, that later will be used to estimate their capacitance 
and resistance. The estimated length of the interconnections is: 50μm to the 
RF pads, 100μm to the IF pads and 100μm for the bias.
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For the ordinary bondwire technology the area of the chip will be 
determined by the size of the bondpads rather than the space between them. 
This is because there are no needs for large spaces between pads when 
bondwires are used.

Figure 30 Bondwire floorplan.

As we can see in Figure 30 the chip area in this case, with bondwires, is 
smaller than for the solderbumps and much smaller than the full on-chip 
implementation. Regarding the interconnections they are about the same as 
for the solderbump bonding. That is: 50μm to the RF pads, 100μm to the IF 
pads and 100μm for the bias.

4.2.2. Electrical models
To extract the parasitic components for the interconnections and pads we 

use information about electrical behavior from full on-chip implementation, 
section 5.1.2.

If we apply that information to the interconnection lengths from the 
previous section we will get the electrical model for interconnections. The RF 
interconnection will have a capacitance to ground of 6fF and a series 
resistance of 1.175 Ω. For the IF and the bias connection the same 
components will be 12fF and 1.35 Ω.

The pads will be exactly the same as before, that is 81fF on chip and 10fF 
on the substrate.

Capacitors implemented on the substrate are assumed to be perfect, no 
parasitic resistance or inductances. For the inductors we assume a Q-value of 
30 and it is modeled with a resistance in series with the inductor. For that 
series resistor 10% is assumed to be the DC resistance, that generates noise, 
and the rest is AC losses that don’t generate any noise. These assumptions are 
made because no exact information about the substrate process was available. 

4.2.3. Matching networks
The components in the IF matching are the same as we used for the full 

chip implementation. These are SMD inductors on the substrate and 
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capacitors that are either SMD or integrated in the substrate. RF matching 
networks components are all placed on the substrate. As before the SMD 
inductor used in the IF matching limits the possibilities to adjust the 
impedance of the IF matching, so all the tuning of matching impedance 
because of different bonding technologies is done in the RF matching.

Figure 31 RF matching, off-chip.

How will the values for the RF matching be determined for this solution? 
In the schematic above we can see that the RF signals source impedance will 
be the line impedance, 50Ω, so the RF matching network should have an 
input impedance of 50Ω and an output impedance equal to the core mixers 
input impedance on the RF port. 
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The mixers input impedance is extracted from a simulation of the circuit, 
in the same way as for the full chip implementation. These simulation results 
can be found in Table 7.

Core mixer Zin Source Zout Matchnet values

Lbond Rin Xin Rout L C

50p 26.01 -174.6 50 2.9n 156f
100p 25.99 -173.3 50 2.9n 155f
245p 25.79 -169.7 50 2.9n 152f
440p 25.5 -165.5 50 2.8n 159f*
635p 25.98 -155.3 50 2.7n 167f*
830p 25.85 -150.6 50 2.6n* 206f*
1.025n 25.38 -145.8 50 2.5n 178f*
1.22n 24.11 -141.2 50 2.4n* 185f*
1.415n 20.5 -136.3 50 2.4n 176f*
1.61n 12.72 -125.5 50 2.4n 151f*
1.805n 19.73 -109.9 50 2.0n 207f*
2n 25.79 -106.2 50 1.9n 242f*
*calculated value has been adjusted to achieve good matching (because 
core mixers input impedance has changed when good matching is 
achieved)

Table 7 Substrate-chip RF matchnet values.

Some of the values for the components in the RF matching needed to be 
adjusted to get good matching. This is because when the input impedance to 
the core mixer is simulated the RF matching net was fixed to some arbitrary 
values. When those components are tuned to achieve better matching the 
mixer transfer function is also affected and this will change the input 
impedance to the core mixer.

These values for the RF matching nets are placed in the circuit when the 
performance of the mixer is simulated. 
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4.2.4. Performance
As performed for the full on-chip implementation three different data are 

simulated to get the performance for the mixer. These three are conversion 
gain, noise and IIP3. The simulation is performed in the same as describe in 
the “performance” section for the full on-chip implementation.  

Lbond RF 
matchnet

Zin Conversion 
gain

Noise IIP3

L C 1kHz 
offset

10MHz 
offset

50p 2.9n 156f 47.6 -16.4 1.17n 117p -1.2
100p 2.9n 155f 48.7 -16.3 1.18n 116p -3.5
245p 2.9n 152f 52.2 -16.2 1.25n 115p -2.4
440p 2.8n 159f 49.8 -15.3 1.52n 116p 2.2
635p 2.7n 167f 46.0 -16 2.03n 118p -3.9
830p 2.6n 206f 51.2 -16.4 3.51n 123p -5.6
1.025n 2.5n 178f 47.9 -16.4 3.51n 121p -7.1
1.22n 2.4n 185f 46.3 -16.5 2.35n 116p -5.6
1.415n 2.4n 176f 48.2 -16.5 1.73n 113p -8.3
1.61n 2.4n 151f 52.0 -15.6 1.5n 116p -7.2
1.805n 2.0n 207f 48.9 -16.2 1.45n 123p -6.1
2n 1.9n 242f 49.0 -16.5 1.30n 117p -8.0

Table 8 Substrate-chip performance.

The conversion gain is about the same for all bonding inductances and the 
noise has a slight increase around 1nH bonding inductance. IIP3 shows a 
tendency to decrease at higher bonding inductances.
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5. Summary performance on-chip and package co-
design

To compare the performance of the two implementations the simulated 
results for both implementations were plotted versus bonding inductance. 
This resulted in four different plots; conversion gain, noise 1kHz offset, noise 
10MHz offset and IIP3. 
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Figure 32 Conversiongain.

The conversion gain is clearly slightly higher in the co-package 
implementation than it is for the full on-chip design.

Noise 1kHz offset
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Figure 33 Noise 1kHz offset frequency.

The noise close to the desired signal is much higher in the chip-package 
implementation than for full on-chip implementation. This noise is very 
difficult to reduce by filtering because it is so close to the desired signal.
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Noise  10MHz offset
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Figure 34 Noise at 10MHz offset frequency.

The noise with a large offset frequency from the desired signal is about the 
same for both implementations. This noise is also easier to reduce by 
filtering, so its impact on the mixer performance is limited.

IIP3
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Figure 35 IIP3.

IIP3 for the package-chip implementation is much lower than it is for full 
on-chip.

Gain is the parameter that is better for the chip-substrate implementation 
of the mixer noise and IIP3 is worse. However the differences between the 
two implementation technologies are not very large. 
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6. Conclusion
The substrate-chip implementation of the mixer has a slightly better 

conversion gain than the full chip implementation. However noise and IIP3 is 
somewhat worse for the substrate-chip implementation. Overall it seems like 
the full on-chip solution has a slightly better performance. If the conversion 
gain isn’t a very critical parameter in the receiver design, then the substrate-
chip implementation should be preferred. But the performance differences are 
not very large so they are quite equal in performance. This can be because the 
core mixer might not have been fully optimized. If more time could be put on 
this core mixer design it might be possible to get a better performance for that 
particular component. This could result in a larger difference between the two 
implementations, so the effects of the implementation could be easier to see.
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2. Schematic, Co package
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3. Simulation results, On-chip implementation
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3.1.4. Bonding inductance 440pH
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