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Abstract

This thesis presents the design methodology and implementation of CMOS RF dow:m-con-
version mixers for GHz range wireless and mobile applications. The design methodology
provides an efficient and practical approach by using a simulator-based design strategy
with appropriate reference to the theory. This has been done by illustrating a cormnplete
design process for a single-balanced current-switching mixer to achieve desired conv-ersion
gain, noise figure and linearity performance. Several other differential and single~ended
CMOS mixer structures, based on the same design methodology have been designed and
their performance has been compared with the reference single-balanced current-swisching
mixer. The designs have been fabricated in 0.25 pm standard CMOS technology. Thes com-
parison of designed mixers with the recent literature shows significant improvemeent in
some of the major performance parameters. The final differential double-balanced current-
switching mixer shows a conversion gain of 6.1 dB, simulated noise figure of 8.3 d B and
input 1-dB compression point of -8.3 dBm, consuming 5.6 mW at 2.4 GHz input R F and

250 MHz output IF frequency.
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Introduction

CHAPTER 1 Introduction

1.1 Introduction

With the ever increasing demand of wireless communications services, the growth of por-
table communication products is rising exponentially. This has resulted in severe compet-
tion among various service providers and manufacturers whose main concemn is to offer
low power, low cost, high mobility products and services to attract large number of con-
sumers. These consumer based requirements have, in turn, increased pressure on RF cir-
cuit designers to explore new technologies and evolve means to satisfy both consumers
and manufacturers. Different solutions have been proposed to achieve above mentioned
objectives. The viable solution is to utilize such technologies that offer high degree of inte-
gration between different building blocks of a transceiver, resulting eventually in a single-
chip solution. This solution will not only help in reducing power and cost of the product
but also opens new ways of advancement and research interests towards efficient and inno-
vative use of technologies. Modern cellular radio systems usually consist of two to four
Integrated Circuits (IC)s with some additional passive components [3]. The back-end sec-

ton, carrying Digital Signal Processing (DSP) blocks, is implemented in latest CMOS
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technology, while analog front-end is realized in high performance state-of-the-art tech-
nologies like Si bipolar or GaAs MESFET to achieve high operating frequencies and
speed [1]. The latest advancements in sub-micron CMOS technology has resulted in
reduction of minimum channel length of the MOS device consequently increasing the
unity current gain cut-off frequency to such an extent that now it is comparable to that of
BJT and GaAs devices. Quite a few fully integrated CMOS transceivers for various appli-
catons have been reported in the literature targeting operating frequencies from 900 MHz
to 2.4 GHz [3-7], [31]. However, with continuous scaling down of CMOS devices, the fre-

quencies well into the upper microwave range (>10GHz) would soon be achievable [8].

1.2 Thesis Motivation and Objectives

The explosive growth of wireless services and consumption of wireless products has
resulted in severe congesticn in the usual 900 MHz frequency band for cellular applica-
tions. The commercially available 1900 PCS band will also soon be facing the same situa-
tion. The advent of Wireless LAN and Wireless Internet has further pushed the operating
radio frequency towards 2.4 GHz, 3.5 GHz and now announced 5 - 6 GHz unlicensed fre-
quency spectrum. These system level demands have directly been translated to RF circuit
designers to evolve novel high frequency chip architectures and designs. RF down-conver-
sion mixer, whose job is to convert high frequency signals to lower frequency spectrum
where high performance digital and analog blocks (especially high Q filters) can be imple-
mented quite efficiently, is one of the most important part of the system because its perfor-

mance directly affects the overall performance of the whole front-end receiver.
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The motivation behind this thesis deals with the same future wends in wireless industry by
thoroughly discussing several RF CMOS down-conversion mixer architectures at 2.4 GHz
Industrial, Scientific and Medical (ISM) band. The objectives are to investigate these
structures on the basis of their advantages and disadvantages at GHz range frequencies
and coming up with a conclusion of using specific type of configuration depending on the
application and environment. The design methodology illustrated in the thesis, presents a
simulator-based design cycle to characterize and optimize important performance parame-
ters, with appropriate reference to the theory, which can be implemented successfully in
newer CMOS technologies. It addresses most of the major design issues and requirements
during earlier phases of design, which helps in achieving design specifications in less turn-

around time, resulting in better Time-to-Market (TTM) strategy.

1.3 Thesis Organization and Outline

This thesis is organized to facilitate readers with step-by-step information involving
design of CMOS mixers. Chapter 2 reviews basic transceiver architecture and RF mixers
with particular emphasis on CMOS down-conversion mixers giving advantages and limi-
tations of different configurations. Chapter 3 further elaborates CMOS mixer structures
with respect to their major performance parameters. It also discusses some of the design
issues that should be considered at the early stages of design to evaluate the full potential
of circuits. Chapter 4 provides the simulation and measurement results of the mixers
implemented in 0.25 um CMOS technology. It also gives the performance evaluation of
the designs and shows the comparison of this work with some reported CMOS mixer

designs from the recent literature. It has also been shown how this design methodology
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can be implemented directly in the latest available 0.18 um CMOS technology. Chapter 5
then outlines the conclusions drawn from this thesis, while indicating the contributions of

this research and explores some related future research areas.
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CHAPTER 2 General Design Considerations
and Issues

2.1 Introduction

In this chapter, a general introduction of front-end transceiver is presented, which explains
the importance of RF down-conversion mixer in a RF system. A brief description of major
performance parameters is also given to explain their effects in successfully implementing
a particular circuit design as a down-conversion mixer. In the later sections, a substantial
discussion has been provided for several CMOS circuit configurations which are currently
used to realize a frequency mixing operation with more emphasis on their working and

operation as a mixer, while elaboradng their advantages, drawbacks and limitations.
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2.2 Transceiver System Architectures

Figure 2.1: A Conventional Superheterodyne Receiver Architecture

Figure 2.1 shows a general superheterodyne receiver. The incoming signal, received by the
antenna, first encounters a band-select filter where the desired band is selected and then is
amplified by a low noise amplifier, followed by an image-reject filter, to filter out the
image frequency. The frequency spectrum of the signal is shifted to a lower frequency,
called the Intermediate Frequency (IF) by first down-conversion mixer, again filtered to
obtain the desired channel and further down-converted to the baseband where it can be

processed by DSP stages.

IF MIX BPF1 RFMIX

Sl N

IFLO RFLO

Figure 2.2: A General Transmitter Architecture
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The transmitter follows the same architecture but now the signal direction is opposite to
that of the received signal (Figure 2.2). Here the baseband signal is shifted to higher fre-
quency spectrum by a couple of up-conversion mixer stages and then amplified by a power

amplifier, before radiating it through Radio Frequency (RF) antenna.

2.3 Mixer Fundamentals

A mixer is an important building block of a radio transceiver whose function is to translate
signal frequency to a higher or lower spectrum generally by the multiplication of two sig-
nals. Depending on the type of application, the input to a mixer is either Radio Frequency
(RF) signal or Intermediate Frequency (IF) signal multiplied by a reference Local Oscilla-

tor (LO) signal.

Consider a general multiplication of two sinusoidal signals

Acos(w,t) x Becos(w,t) = A—za[cos(cu1 —wy)t+ COS(wy + wy)t] Q.1D

From Equation 2.1, the multiplication of two signals together creates frequency compo-
nents at the sum and difference frequencies, out of which only one is usually desired. Tak-
ing f; as the LO frequency, f; would be either RF or IF signal. If the sum frequency is
desired with IF input then the mixer is termed as an up-conversion mixer, which is
employed at the transmitter chain of the radio system (Figure 2.2). However, when the
input RF signal with difference output signal is desired, the mixer is called a down-conver-
sion mixer, used at the receiver section of a transceiver (Figure 2.1). Ideally, this mixer

would contribute no noise, no limit to maximum amplitude, no dependence on the LO sig-
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nal amplitude and would develop no intermodulation products between various RF sig-
nals. In addition, the waveform at the IF output would not contain any LO or RF
components. However a real mixer will deviate from the ideal behavior on the basis of
above mentioned performance parameters and the IF output can be quite complex even for

a small number of signals at the input spectrum.

2.4 Typical Issues Relating RF Down-Conversion Mixers

The desired characteristics of a RF down-conversion mixer can be summarized as follows:

e low noise figure

» a moderate conversion gain for the reduction of noise contributions due to the IF and

baseband amplifiers
¢ linearity and dynamic range
e low coupling from the LO to RF port
« suppression of LO feedthrough (leakage) to the IF port

¢ good matching at the RF, LO and IF ports

To get a better understanding of the issues involved while designing a down-conversion

mixer, these performance parameters are elaborated below.

2.4.1 Conversion Gain and Noise Figure

The conversion gain is defined as the ratio of the amplitude of desired IF output to the
amplitude of the RF input. It could be either voltage or power conversion gain. However, if

the input impedance and the load impedance of the mixer are both equal to the source
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impedance i.e. 50 £, then the voltage and the power conversion gains of the mixer are

equal when expressed in dBs. Referring to Equation 2.1, the conversion gain of a simple

multiplier is IF output amplitude A2_B divided by the RF input amplitude "A’. Hence the

conversion gain is g or half the LO amplitude. Assuming LO amplitude to be constant and

B =1 then the output of even a simple multiplier suffers from a conversion loss of 6 dB.
Positive conversion gain is often desirable since the mixer then provides amplification
along with the frequency translation. In Chapter 3, voltage conversion gain relations for

different types of CMOS mixers have been derived.

Noise figure is defined as the available output noise power divided by the available input
noise power due to the source expressed in dBs. It is the measure of the degradation of a
signal when it passes through the circuit. Noise figure can be expressed by the following

relation [9].

S

N;
NF = 10'09 —ST
i

No(total)_

Where

N, = Output Noise

N; = Input noise due to the Source
G = Power Gain

S; = Input Signal Power

S, = Output Signal Power = S;G

No(total) = No(source)"'No(added)
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For passive devices, the noise figure is equal to the attenuation of the signal e.g. 6 dB
insertion loss ideally results in 6 dB of noise figure (N, = N; bui S, < S;). For active
devices, additional noise is added to this insertion loss. Noise figure for mixer tends to be
considerably higher than that of amplifiers, due to fact that the noise emanating from the
frequencies other than the desired RF signal can also mix down at the IF port. Also, refer-
ring to Equation 2.1, it can be observed that the output of even the simplest mixer contains
two sidebands. In the usual case, where the desired signal exist only at a single sideband,
the noise figure is called the Single Sideband Noise Figure (SSB-NF) and if both the side-
bands contain useful information, then the noise figure is called the Double Sideband
Noise Figure (DSB-NF). The SSB-NF is more specific to the receivers employing hetero-
dyne architecture while the DSB-NF is applicable to the homodyne (direct-conversion)

receivers [15].

2.4.2 Dynamic Range and Linearity
In the context of mixers, the desirable linearity would be the proportional increase in the
IF output power with the increase in the RF input power. The dynamic range of the

receiver largely depends on the linearity of the first down-conversion mixer [10].
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Down-Converted
Fundamental
Slope = 1dB/dB

l
/ l (Dynamic Range)
Down-Converted
Third-Order IM
Slope = 3dB/dB |
|
l * Noise Floor
/ l ! -
/ P45 IIP; P;,(dBm)

Figure 2.3: Mixer Linearity Parameters

The two-tone third-order Intercept Point (IP3) is a measure of mixer linearity characteriza-
tion. Intermodulation (IM) products occur due to the multiplication of desired input signal
with a potential interferer resulting in higher order product terms in addition to the desired
fundamental. Third-order Intermodulation (IM3) products are, usually, of great concern, as
they cannot be filtered out due to their close proximity with the desired IF output fre-
quency. As a measure of the degree of departure from the linear mixer behavior, the

desired output and the IM; output can be plotted as a function of RF input power level.

The IP3 is an extrapolated intersection of these curves as shown in Figure 2.3. In general,
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the higher the IP3, the more linear is the mixer. A high IP; provides a measure of protec-
tion against large adjacent interferer signals causing large signal distortion in the receiver.
Referring to Figure 2.3, the non-linearity in the circuit causes the power gain to deviate
from its idealized curve. The point at which the power gain is 1 dB down from the ideal
linear curve is referred to as 1 dB Compression Point (P} 4g) and is a measure of dynamic
range of a mixer. The receiver must operate several dBs below this level to avoid non-lin-

ear behavior and distortion in the output signal. Chapter 3 discusses IP3 and P, 4p in detail

along with the derivation of relations to determine IP; analytically.

2.4.3 Port-to-Port Isolation

The isolation between every two ports of a mixer is of great practical importance. Port iso-
lation is a measure of frequency component suppression among different ports. It is gener-
ally desirable to minimize interaction among RF, IF and LO ports. Port isolation is also
important in determining the amount of filtering required before and after the mixer. Since
LO signal is quite large as compared to the RF signal, any LO-RF feedthrough or leakage,
if not filtered out, may cause problems in the subsequent stages of the signal processing
chain. In additon, large RF and LO feedthrough signals at the IF output may saturate the

IF port and decrease the P;4g of the mixer.

2.5 Classes of Mixers

Mixers are, generally, classified as active and passive mixers. The major difference
between both classes is the amount of conversion gain they provide. Active mixers can

achieve conversion gain and may require lower LO power than their passive counterparts
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[10] and essentially, are transistor circuits. By virtue of their gain, active mixers reduce
noise contributed by the subsequent stages of the receiver and are widely used in RF appli-
cations. Passive mixers, on the other hand, typically show conversion loss but exhibit
excellent IM performance, high linearity and speed at the expense of high LO power
requirements and find their applications in microwave and base station circuits [11].
Active CMOS mixers are well suited to integrated circuit design because large LO drives,
besides reducing LO-RF and LO-IF isolation, are difficult to realize in low voltage and
low power environments. However, passive CMOS mixers followed by gain stages, have
also been reported for fully integrated CMOS transceivers [3], [7]. Being the topic of
interest, the remaining discussion will be based on different topologies and configurations

of active CMOS down-conversion mixers.

2.6 CMOS Mixer Design Topologies

Mixer design requires many compromises among different figures of merit such as conver-
sion gain, LO power, linearity, noise figure, port-to-port isolation and total power dissipa-
don. The two main techniques employed for the mixer operation are the multiplication of
the input signal with a reference signal and the exploitation of mixer non-linearities. The
following discussion will be based on the mixer implementation using one of these tech-

niques.

2.6.1 Single Transistor Mixers

There are three standard modes of operation for simple single device mixers: transconduc-

tance, drain and resistive mixers [12]. The CMOS transconductance mixer operates by
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applying the LO to the gate, which varies the gate-source voltage and swings the transistor
between saturation and cutoff regions of operation. Maximizing the L.O frequency compo-
nent of the transconductance waveform optimizes the conversion gain, noise figure and
linearity. There are a couple of conditions that guarantee successful mixing operation and
ensure maximum transconductance. First, the transistor should be biased at the threshold
voltage and operated with a transconductance waveform g.,(t) having 50% duty cycle,
with peak value equal to the maximum transconductance. This condition results in maxi-
mum conversion gain for the transconductance mixer [14]. In addition, drain-source volt-
age should ideally be kept constant and large enough to ensure that the transistor never

enters the linear range of operation.

In the drain mixer, the RF signal is applied to the gate of the transistor and the mixer oper-
ates via a drain fed LO, which modulates the drain-source voltage of the device. This volt-
age swings the transistor between linear and saturation regions of operation. The

frequency mixing occurs due to the variation in the transconductance g, and drain-source

conductance gy, of the transistor.

The FET resistive mixer operates by modulating the channel resistance (resistance
between drain and source) with a large LO signal while keeping the transistor in linear
region of operation. The transistor channel is switched between fully depleted and fully
inverted regions, thus the channel resistance is close to either infinity or a low value deter-
mined by the device dimensions [12]. No drain-source voltage or gate-source bias voltage
is required to keep the FET in the linear region so the FET resistive mixer is essentially a

passive mixer.
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Figure 2.4: A Simple Square-Law Mixer

The most common single transistor mixer is the one that exhibits square-law behavior i.e.
it makes use of only the lowest order non-linearity (squared term) and higher order non-
linearities are usually undesirable. [13]. Square-law mixer can be realized with a long
channel MOSFET or with any other type of non-linearity in which the quadratic term
dominates. In Figure 2.4, a series combination of RF and LO signal, along with the DC
bias, drive the gate of an FET. A tuned IF load is used at the drain of the device to provide
an approximate short circuit for the LO component that also helps in keeping drain-source
voltage constant over the entire LO cycle. The advantage of the square-law mixer is that

the undesired spectral components are usually at the frequencies, quite different from the
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IF frequency and can easily be removed [13]. Also, due to the single device configuration,
it has a simple structure and provides good noise figure and conversion gain. The di sad-
vantage of this structure is the poor RF-LO and LO-RF isolatdon, as both RF and LO sig-
nals are applied at the same port. In addition, the LO signal is amplified by the FET, whhich
reduces LO-IF isolation. The other main disadvantage is the difficulty in matching the
mput at both RF and LO frequencies. In such cases, the matching is done only for thes RF

signal at the expense of increased LO requirements that further reduces isolation.
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Figure 2.5: High Isolation Square-Law Mixer

An alternate structure using the same functionality is depicted in Figure 2.5. In this topol-

ogy, the LO signal is applied at the source of the FET resulting in better LO-RF isolation
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and lower LO power requirements due to the possibility of matching LO port at the LO

frequency [13].

2.6.2 Dual Gate Mixers
Dual gate mixers have one major advantage over single gate mixers that the RF and LO
signals can be applied to the separate gates. The dual gate device is simply a cascode con-

nection of two single gate FETs as shown in Figure 2.6.
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Figure 2.6: Dual-Gate Mixer with LO and IF Bypass Resonant Circuits

The second gate has several effects on the transistor operation. Its primary use is to control

the small signal transconductance of the first gate device and therefore, the RF gain of the
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device, making it useful as a mixer [14]. In addition, this configuration is well suited to
CMOS technology since the drain and source of the two cascoded devices can be shared
reducing capacitance at the common junction. The dual gate structure also has an added
advantage of isolating LO and RF ports, allowing separate matching networks and provid-
ing inherent LO-RF isolation. It has been proved that the usual mode of operation is the
one in which LO signal is applied to the top gate (M, in the Figure 2.6) and the RF signal
is fed to the lower gate [12], [14], [29-30]. This not only improves the RF-IF isolation but
also enhances the linearity by allowing the use of standard port matching techniques for
the RF signal. The applied LO signal modulates the common node voltage (node X in Fig-
ure 2.6). The modulated node is the drain of M| resulting in the mixing of LO and RF sig-
nal. This type of mixing operation is similar to the operation of a single device drain
mixer. The gate-source voltage of the lower transistor M; is approximately constant
because the RF signal is usually very small and the modulated drain-source voltage swings
M, in and out of linear and saturated regions of operation over the LO cycle. Frequency
mixing occurs due to the modulated transconductance g, and drain-source conductance
g4s of M;. The upper transistor M, remains in current saturation over most of the LO
cycle, thus, it operates, simultaneously, as a source-follower amplifier for the LO and a
common-gate amplifier for the IF. This gate should be grounded at the IF harmonic, which
can be done by placing a series resonant structure, tuned to IF, as shown in Figure 2.6. The

drain of M, should also be shorted to ground at the LO frequency. This short circuit keeps
the drain voltage constant and guarantees that M, remains in saturation over most of the

time.
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The disadvantages of dual gate mixer are the inevitable use of passive components for LO
and IF rejection making it less useful in low frequency RFIC implementaticn, and reduc-
tion in conversion gain due to the possible addition of a series resistance at the source of
lower transistor, to avoid instability that could occur due to the common-gate operation of
LO transistor [14]. The dual gate mixer can be implemented as a double-balanced struc-
ture that increases port-to-port isolation and achieves LO short at the IF port without using

passive resonant components as shown in Figure 2.7
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Figure 2.7: Double-Balanced Dual-Gate Mixer
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2.6.3 Single-Balanced Mixers

Mixers based on the multiplication of two signals exhibit superior performance as they
ideally generate only the desired mixing products. Both the RF and LO signals are applied
at different ports resulting in high degree of inherent isolation among all the three ports.
Down-conversion mixers usually employ LO short at the IF port, as discussed earlier, to
achieve optimum IM performance. The LO short is practically important for the active
mixers because L.O signal is typically larger than the RF signal and it is further amplified
by the active devices. The mixer that accommodates a differential LO signal and a single-

ended RF signal is termed as single-balanced mixer (Figure 2.8)

Figure 2.8: Single-Balanced Mixer
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In Figure 2.8, the incoming RF voltage signal is first converted into a current signal and

then multiplied in current domain. The FETs M, and M; are biased slightly above their
threshold level. This results in the LO alternatively switching M, and M5 on and off. Con-

sequently, one LO transistor is always on, while other LO wansistor is ideally off, keeping
the RF transistor in saturation. Hence, the LO signal can be considered as a square wave
consisting of odd harmonics of the LO frequency. The magnitude of this signal should be
large enough to ensure complete switching of the differential LO transistors. The RF input
current signal is multiplied by the odd-order harmonics of LO signal, resulting in mixing
products to appear at the output IF port. The analytical description to derive a first order

relation of the voltage conversion gain is given in Chapter 3.

The major disadvantage of the single-balanced mixer is the presence of LO components at
the output port and will be discussed in detail in Section 3.2.1. The amplificadon of the
LO signal by the active devices further aggravates the situation. Since the mixer is usually
followed by an amplifier, filtering may be required to prevent saturation of the amplifier by

suppressing LO portion of the output signal.

2.6.4 Double-Balanced Mixer

Two single-balanced mixers can be combined to form a double-balanced mixer. Both RF
and LO inputs of the mixer are now differential. The active double-balanced current-

switching mixer is also termed as Gilbert cell mixer as shown in Figure 2.9.
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Figure 2.9: CMOS Double-Balanced Gilbert Cell Mixer

The LO drive should be large enough to make the differential pair act like current-steering
switches. The two single-balanced mixers are connected in anti-parallel as far as LO sig-
nal is concerned but in parallel for RF signal, therefore, the LO terms are cancelled at the
output port. In addition, the interconnection of the outputs causes the drain of the LO quad
transistors to act as a virtual ground not only for LO and RF frequencies but also for the
even-order spurious frequencies [14]. Hence, no special circuitry is required to provide RF
and L.O short at the drain of LO quad. Consequently, this mixer provides a high degree of

LO-IF isolation easing filtering requirements at the proceeding receiver stages. The major
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drawback of double-balanced mixer is the higher power consumption, because of twice
the number of devices as compared to a single-balanced mixer and also due to the fact that
all the active devices should remain in saturation region of operation and a current source
is often necessary for proper biasing. Moreover, mismatches between different devices
and signal path lengths limit port-to-port isolation and cancellation of the harmonics at the

output IF port.

2.7 Summary

A fully integrated single-chip transceiver offers several advantages in terms of reducing
size and power consumption of the portable radios. For many semiconductor manufactur-
ers, this single-chip transceiver is particularly important if it is designed and fabricated in
the same standard CMOS technology that they use for their other IC products. A single-
chip CMOS transceiver requires the exploration of new systems and circuit design topolo-
gies to facilitate the highest level of receiver and transmitter integration. The continuing
scaling-down of the CMOS transistor gate length is improving CMOS technology’s RF
performance. Using CMOS technology, RF designers can utlize the large infrastucture
already in place that supports and develops low cost, mass production and high yield ICs.
Being an important building block of the monolithic CMOS transceiver, a CMOS RF
mixer allows a considerable increase in transceiver integration and a reduction in its cost.
Several types of CMOS mixers were discussed, each having some advantages and disad-
vantages. Although, single device and dual gate mixers exhibit better conversion gain and
noise figure performance, they are not well suited in highly integrated design due to their

low 1solation and high filtering requirements. Single-balanced CMOS mixers also need
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some type of filtering due to the presence of LO harmonics at their output. Double-bal-
anced CMOS mixers possess inherent port-to-port isolation and have better linearity mak-
ing them a serious contender for integrated circuit design. Using proper biasing
conditions, they can operate at lower LO power requirements, thus relieving pressure from
some of the other building blocks of the transceiver. In addition, the operation and design
methodology of double-balanced mixers (especially Gilbert mixer) is well understood that
allows the possibilities of implementing innovations during design process to make them
more efficient at higher frequencies. However, as RF applications are moving towards
higher frequencies e.g. the recently opened 5 - 6 GHz frequency spectrum for unlicensed
high-speed Internet access and data transmission, the implementation of small sized pas-
sive components will become a reality which could be used for LO rejection in CMOS

dual gate mixers.
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CHAPTER 3 Design Techniques and
Performance Parameters

3.1 Introduction

In the previous chapter, a general overview of a front-end transceiver architecture was
given, which explained the importance of RF down-conversion mixer, in evaluating the

overall performance parameters of whole front-end receiver section of the transceiver.

The RF down-conversion mixer, which is the focus of this thesis, is an important building
block in a receiver because its performance affects the overall performance of the receiver
and performance requirements of the adjacent building blocks. For instance, 2 mixer need-
ing low LO power will help in reducing total power consumption of the receiver and result
in relaxed filtering requirements after the mixer stage due to greater LO-IF isolation. Also,
low noise figure and high conversion gain mixer will help in reducing gain requirements
from the preceding LNA stage and overcome the noise contributions due to the subsequent
IF stages. In this chapter, some of the performance parameters in context of CMOS RF
mixers, will be discussed, addressing certain design issues for different topologies and

configurations.
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3.2 Voltage Conversion Gain of CMOS Mixers

As discussed in Chapter 2, active mixers can provide conversion gain and offer a high
degree of isolation depending on the configuration. In this section, voltage conversion gain
of certain CMOS mixer topologies and structures will be discussed in detail, with empha-
sis on deriving a first-order conversion gain relation. This relation. although neglects para-
sitics, still gives a good foundation to analyze the effects of device transconductance and
output load on the conversion gain of a mixer. This information will be used in Chapter 4

to optimize the mixer designs.

3.2.1 Single-Balanced Current-Switching Mixer

Consider a single-balanced CMOS mixer, with resistive load R as shown in Figure 3.1.

Figure 3.1: Single-Balanced Current-Switching Mixer
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If the switching LO signal is given by an ideal square wave LO(t) with an amplitude of £1,
to achieve an instantaneous switching acton, then it can be represented by its Fourier

series equivalent as shown in the Equation 3.1

. (kn
= | sin} —

Z ——cos(kwot) (3.1)

k=1

LO(t) =

Ale

Note that, although this equation represents the LO voltage, still is a dimensionless quan-
tity because it only shows the switching of the LO transistors. This switching action turns
LO transistors on and off with the application of positive and negative peaks of the perfect

square wave (i.e. for the positive peak, Mj o; is on and Mj o, is off and for the negative
peak, My g, is on and My (; is off). Therefore, the RF transistor remains in the saturation

region of operation and the output current flows through the load resistors at all times
Equation 3.1 can be expanded as

LO(t) = g[cos(m,_ot)-%cos(sm,_ot) +,’§cos(5w,_ot) ...... ] (3.2)
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Figure 3.2 shows the switching action of single-balanced current-switching mixer.

é IT + ngRi:(t)

<

Figure 3.2: The LO Switching Action in Single-Balanced CS Mixer

The RF transistor is modeled by:

iarr(t) = v + g VRe(t) (3.3)

where I is the DC tail current.

Taking vrg(t) as a sinusoidal signal

Vee(t) = Vgecos(wget)
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The mixer current-switching action can now be expressed by combining Equations 3.2 and

33
(1) = (Ip+ ngHFcos(mHFt))E(cos(mLot) - % cos(3m,ot) + %cos(SmLot) _ )] (3.4)
Rearranging

io(t) = g(‘rcos(wl_ot) - %lTCO$(3mL°t) + eene- )
(4
+| 9mVrrCOS(@ret)cOS(0 ot)
4
—ﬁgmvnpcos(mRFt)cos(:im,_ot) D S ) (3.5
Equation 3.5, after neglecting higher order harmonics, can further be simplified as
i (t) = g(lrcos(mLot) - %lrcos Bwot) + ...... )

+ 26, Vaelcos(wnr — (o)t + COS (e + G )] (3.6)

In Equation 3.6, the second term in square brackets is the actual mixing term, where we
have both the down-converted and up-converted side-bands present simultaneously. By fil-

tering out the up-converted frequency, we remain with the following useful expression

io(t) = ?{(l-rcos(mwt) - %chos(amLot) + )

+§9mVnF[°°s(mRF‘mLo)t] G.7D
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The output load, as shown in Figure 3.1, is Ry, therefore output IF voltage is given by

Vig(t) = gRL(IYcos(mLot) - %Ircos(sm,_ot) + s )

+29,R Vgelcos (@pt] (3-8)

where o,z = wge—~w o is the fundamental down-converted frequency. Equation 3.8 is spe-
cific to single-balanced mixer where the first term gives the LO leakage or feedthrough at

the IF output.

We can calculate the voltage conversion gain of the single-balanced mixer as output [F

amplitude divided by the input RF amplitude i.e.

9mReL 3.9)

Equation 3.8 is true only for a single-balanced structure when output is taken differen-

tially.

If the output is single-ended then the DC component in the LO signal is not cancelled at
the output and gets multiplied with the input RF signal resulting in RF feedthrough at the
output, in addition to the inherent LO feedthrough [15]. The LO signal, in this case, only

switches between 0 and +1, instead of -1 and +1 as shown in Figure 3.3 [11].
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Figure 3.3: The LO Switching for Single-Ended and Differential Output

Therefore, LO(t) is given by

LO() = % *‘% cos(w _ot) - %cos (B ot) + %cos(sw,_ot)... ] (3.10)

Output current, in this case, is

io(t) = (It + ngRFcos(mRFt))E + g(cos(mmt)—%cos@mwt) .. )} 3.11)
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Now as output is single-ended, the output voltage swing is from +1 to 0, instead of +1 to
-1, therefore, the output voltage magnitude will be half of the differentdal output voltage,
and output [F voltage will effectively be divided by 2. In terms of dB, the output voltage

will be 6 dB less than the differential output IF voltage
1 2 1
le(t) = a(ngLV R‘;COS((DRFt)) +;CRL(|TCOS((DL°t) - §ITCOS(3U)L°t) +oaeenn. )

+ :T:ngLVRF[cos(m,p)t] 3.12)

As expected, we see a strong RF feedthrough term in addition to the LO feedthrough and
required down-converted term. Therefore, if single-ended output is taken in a single-bal-
anced mixer, the LO and RF feedthrough would not be suppressed at the IF output port.
However, only LO feedthrough is present at the output of a single-balanced mixer if output
is taken differentially due to the cancellation of DC term present in the LO signal at the IF

port.

3.2.2 Double-Balanced Current-Switching Mixer

The analysis discussed in Section 3.2.1 for single-balanced CMOS mixer can directly be
applied to a double-balanced mixer as the double-balanced structure is just a combination
of two single-balanced structures connected in parallel i.e. 180° out of phase for the LO
signal while in-phase for the RF signal. Hence, LO signal feedthrough at the IF output is
ideally suppressed completely as output port acts as a virtual AC ground for LO signal. In

addition, all even-order harmonics of the mixed output are cancelled out, resulting in bet-
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ter 1-dB compression and third-order intermodulation intercept point. consequently better
dynamic range and linearity response. The only drawback is that being a combination of
two single-balanced mixers, double-balanced mixer takes twice as much the current, how-

ever, conversion gain remains the same as will be made clear in the following pages.

Consider a double-balanced current-switching CMOS mixer with resistve load Ry as

shown in Figure 3.4.

1

Figure 3.4: Double-Balanced Current-Switching Mixer
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The square wave LO signal is again represented by its Fourier series equivalent.

LO) = g[cos(m,_ot) —%cos(3wwt) + %cos(SmLot) ...... ]

The RF driver drain current in each branch is again the transconductance of the input RF

transistor multiplied by the input voltage vpg(t) plus the DC current as shown in the

Figure 3.5.
% L
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<

Figure 3.5: RF Driver Current for Double-Balanced Current-Switching Mixer

Here it must be noted that effective transconductance of each input transistor is half the

total input transconductance g, because vgg(t) is now divided equally into two voltages
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Vge(t) Vre(t)
2 and 2

to accommodate differential input, therefore, the drain current

through each RF transistor is given by

famr1(t) = fr+ Pvee(t) (3.13)
and igrr2(t) = I+ g?m"m:(t) (3.14)

The total RF current is given by

Igre(t) = iggp1(t) —igre2(t)

= igre(t) = ["r + g?mVRF(t)] - ['T + gz_mvﬂF(t)]

irRe(t) = GnVre(t) (3.15)

Equation 3.15 shows two very important results. First, the DC current It through each
branch is cancelled out and second, the RF AC current in Equation 3.15 for the double-
balanced mixer is same as the RF AC current of the single-balanced mixer (Equation 3.3),

therefore, both have the same conversion gain [15], [16].
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The output current for double-balanced CMOS switching mixer is given by
io(t) = TgtgvaF[ cos(mm-_- - (ﬂLo)t + COS(CDRF + (ﬂLo)t]

The output IF current is given by

ie() = 29mVaeCos (wiet) (3.16)

The output IF voltage is Equation 3.16 multiplied by the output load Ry

vie(t) = %ngLVaFcos(mIFt) (3.17)

From Equation 3.16, it is clear that a double-balanced mixer effectively suppresses both
the LO and RF feedthrough at the output IF port. Also, the voitage conversion gain is same

for both single-balanced and double-balanced mixer structures. i.e.
_Vie _2
Gv = v;; = EngL (3-18)
It should be noted that Equation 3.17 is true only for the double-balanced CMOS mixer

when output is taken differentially and this equation assumes instantaneous switching by

the commutating LO quad transistors.
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If the output is single-ended then, as discussed earlier in the case of single-balanced mix-
ers, there will be a DC term present in the LO signal which gets multiplied with the RF
voltage signal resulting in some additional components at the output. Output current in

this case is given by the following equation.
io(t) = (l-r + g—z-mVRFcos(mRFt))E + g(cos(m,_ot)—% cos(3m,_ot)...)]

+ (IT - g?'“vmzcos(m“t)}[]z- + g(cos (m,_ot)—% cos (3m,_ot)...)]

which can be reduced to

io(t) = It + gngRp[cos(coRFt - ot) + cos(wget + w0 ot)] (3.19)

and the output IF voltage is given by

IR
vie(t) = 1§i+11tng,_VRFcos(m,Ft) (3.20)

Equation 3.20 shows the presence of DC offset in the output IF port, however, RF and LO
leakage terms are ideally suppressed. This DC component can be removed by using a DC
blocking capacitor at the output port. It should be noted that IF output voltage for single-

ended output is again half of the differential output voltage.
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3.2.3 Voltage Conversion Gain of CMOS Cascode Mixer

In contrast to current-switching mixers where we have two types of configurations.
namely single-balanced and double-balanced mixers, there are three types of CMOS dual
gate or cascode mixer structures. The first and the simplest is a single cascode mixer. The
other two types i.e. single-balanced and double-balanced cascode mixers are just the com-
bination of two and four cascoded structures respectively, which progressively helps in

achieving a LO short at the output IF port without using passive LO rejection circuitry.

The analysis of CMOS cascode mixer is quite complex as compared to the current-switch-
ing mixers because the input RF driver transistor is operating in linear region of operation,
where drain-source resistance is also significant. The schematic of CMOS cascode mixer

is shown in Figure 3.6.
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Figure 3.6: CMOS Single Cascode Mixer
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The operation of this mixer was discussed briefly in Chapter 2, where it was established
that the best mode of operation for this kind of drain mixer is when the lower transistor
Mgpg which is also the input RF transistor, operates in linear region while the upper tran-
sistor Mj o, which is fed with a large LO signal, operates in the saturation region and acts
as a common-gate amplifier for the mixing stage. The sinusoidal LO signal modulates the
transconductance g, ; of Mpg which swings between linear and saturation regions of oper-

ation due to the application of positive and negative excursions of the large LO signal.

A good analysis for a MESFET cascode mixer, which can also be applied to a CMOS cas-

code mixer, is given in [30]. The output IF voltage, in this case, is given by

R,AB 3R,ABC —— R2B°cA] _—__
vig(t) = I: - z = 2 vao—;_z—“']x (VioVre)cos(iet) (3-21)
VT 2v1' VT
where
A= -2ldss(1 +lvdsz)
V—Vgq
B = Vi—Vg2+Vga—Vas2
a(Vyg— Vdsz))z
1> _9d  "ds2/
C = RLIdss{. A a( 3
v {1 +A(Vgq—Vas2) 1 _(1 _a(Vaq -Vdsz))3
3

and

I4ss = Drain current with gate shorted to source
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A = Empirical channel-length modulation factor

Ry = Load resistance
V. o = Time-averaged value of vj (t)

Vor = Time-averaged value of vpg(t)

V. = Threshold voltage of the FET

3.2.4 Transconductance g,, and Conversion Gain

In the previous sub-sections, the voltage conversion gain of both the current-switching and
CMOS cascode mixers has been discussed. The conversion gain shows a strong depen-

dence on the transconductance of the input RF transistors.

The DC transconductance g, for FET is given by the relation

dlp
m = Vg (3.22)
where I, is the drain-source current and Vg is the gate-source voltage.
In active region, I for a N-MOSFET is given by the following first order equation
u,C
lo = 25T (Vas - Vin)? (3.23)

where
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U, = Mobility of Electrons (technology dependent)
Cox = Gate Capacitance per Unit Area
Viu = Threshold Voltage of NMOS (technology dependent)

W = Width of Transistor Gate

L = Length of Transistor Gate

From Equation 3.23

9m = uncox(v_:)(ves—vm) (3.24)

Similarly, for transistor operating in linear region, transconductance is given by~

9m = !‘anox t)vos (3.25)

Equations 3.24 and 3.25 show that transconductance is directly proportional to the aspect

ratio Vtv of a MOSFET. Hence, by using large width and minimum length gate, the g,

and therefore, the conversion gain of a CMOS mixer can be increased significamtly. How-
ever, it should be noted that increasing gate area also increases gate-source and gate-drain
parasitic capacitances which limit the capability of a transistor to operate at higher fre-

quencies by decreasing the unity cuirent-gain transition frequency f; of a tramsistor, in

addition to the increased noise figure and higher power consumption, as discuss«ed in Sec-
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ton 3.5. Therefore, a trade-off is usually necessary depending on the applications and the

requirements.

3.3 Linearity and Intermodulation Intercept Point

Double-balanced current-switching mixers show better linearity as compared to the sin-
gle-balanced mixers because of the cancellation of both LO and RF leakage terms and the
even-order harmonics at the output port. Linearity, in general, depends strongly on the LO
power and input RF transistor overdrive voltage (Vs-V). CMOS current-switching mix-
ers usually require higher LO drive than their BJT counterparts because larger LO voltage

swing is needed to turn-off one side of the switching pair or quad [15].

Single-balanced and double-balanced CMOS cascode mixers have better linearity and
lower conversion gain as compared to the respective current-switching CMOS mixers,
more or less due to the same reason i.e. in cascode mixers, input RF transistor operates in
linear region of operation which inherently is more linear but has lower conversion

transconductance as compared to the transistor operating in saturation region.

1-dB Compression Point (P;4g) and Third-Order Intermodulation Intercept Point (IP3) are

the measures of mixer linearity. Non-linearity can be expressed by a Taylor series expan-

sion.

3
v° = 81 V, + azviz + 33\!. + a4V[4 + e anv|n (3.26)
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where v, and v; are the input and output signals respectively and ay, a,, a3, .... a, are

constant coefficients.

If v; is represented by a single-tone then only the first term (a;v;) in Equation 3.26 gives

the required fundamental output for a perfectly linear circuit. However, due to the pres-

ence of non-linearities in the devices, higher order terms are also present in a real system.
First, considering a second order harmonic of the input signal v; = Acos(wt), then

2
v;Z = (Acosot)® = A?(1 + cos2ut)

Hence, for n = 2, the square of the input voltage generates a second-order harmonic

2 2
A cos20t plus a DC term 52—-

5 . It can be seen, that if 'n’ is an even number then 'nth’

power of v; generates all the even-order harmonics equal to and less than 'n’ plus the DC
term.

If n=3, then cube of v; is given by

v;} = (Acosot)® = gAscosmt+%A3cossmt (3.27)
Generalizing, if 'n’ is an odd number, the 'nth’ power of v; generates fundamental term

plus all the odd order harmonics equal to and less than 'n’. It can be seen from

Equation 3.27 that odd-order harmonics produce a fundamental term which is directdy
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added to the desired fundamental term. For example, for n = 5, the total desired output sig-

nal would be:

Vo(desirea) = AcCOosot + %Ascosmt + gAscosmt (3.28)

The cubed and higher order terms are usually insignificant for a small input signal. How-
ever, their amplitude increase with the power of ‘n’ of the amplitude of the input signal
and their effect on the total output signal keeps on getting more significant in proportion to
the increase in the input signal amplitude. If the polarity of a3, which represents the domi-
nant third-order harmonic distortion, is negative (which is generally the case), then it will
cause gain compression for a large input signal. When the conversion gain is 1 dB lower

than its projected small-signal gain, the level is called the 1-dB compression point (P;4g)

and is a measure of dynamic range of a RF building block.

If the input voltage is sum of two or more signals having different frequencies then the
non-linear terms in Equation 3.26 would also generate frequency-mixing products in addi-
tion to the higher order harmonics. These product terms are called Intermodulation (IM)

products. For example if v; is given by

v; = Ajcosast + A cosm,t
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then square of v; after trigonometric manipulations would be

2 2
Aj A
v; = ?(1 + COS20,4t) +?(1 + cos2mw,t)

+ A Az COoS (0 - w,y)t + COS (g + )] (3.29)

In Equation 3.29, first two terms are second-order harmonics plus DC components of
respective input signals, while third term gives the second-order intermodulation products
as sum and difference frequencies. If both the signals have frequencies quite close to each
other e.g. one channel apart, then their difference and sum IM products do not fall in the
in-band spectrum and can easily be filtered out. However, if the receiver employs a direct
conversion scheme, then the second-order IM products are of great consequence because
their frequencies fal! in the baseband spectrum in additon to adding a problematic DC

offset.

Now consider cube of the input signal v;

v,3 = (Ajcosw t+ A, cosmzt)s

= (A1 COS(D«tt)s + (Azcosmzt)3

+ 3(A,A§cosm1t( cosmzt)z) + 3(AfA2( COS (4 t)zcosmzt)
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3

After using a few trigonometric relations and rearranging, v;” can be written as

v,3 = %(Afcosw,t + Agcosmzt) + %(A?cos3m,t + Agcos3m2t)
3A,
+ A1A2E(Az cosw4t+ A cosm,t) + T(cos(m, - 2w, )t + cos(w,y + 2w,)t)

+ T(cos(2o.)1 —wy)t+ cos (2w, + mz)t):l (3.30)

At the output, vi3(t) is multiplied by a3 which is usually negative, therefore, the first two
terms in Equation 3.30 will introduce third-order harmonic distortion for a large input sig-

nal resulting in gain compression.

The third-order IM products (IM3) require a special attention. The sum and difference fre-

quencies, in this case, fall directly at the required spectrum which could not be filtered out.

For example, suppose v; is given by a sum of two tones of equal amplitude having fre-
quencies f; = 2.4 GHz and f; = 2.41 GHz. This input is mixed down with a2 2.15 GHz LO
signal so that the IF output is at 250 MHz and 260 MHz. The down-converted IM5 prod-

ucts are given as
M3 = 2f;-f) - f{ o =240 MHz
M3 = (2f2-fl) - fLO =270 NH‘IZ

The down-converted M3 products fall within the required band of spectrum and cannot be

filtered out. These IMj products, again, are of less consequence for small input signal but
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increase 3 times the input signal amplitude and at some large input signal they will be
equal to the desired output fundamental. This level is called Third-Order Intermodulation

Intercept Point (IP3), that can be referred to input or output power. It should be noted that
IP; is a hypothetical level which can never be achieved in reality, in contrast to P4 which
can physically be measured. Therefore, IP; is measured basically at a small-signal input

level while Py 4p is a large signal measurement.

The most common method of measuring IP; is by applying two equal amplitude, small-
signal tones at the input and measuring output fundamental power and output IP; and

using slope equations to calculate IP5 as shown in Figure 3.7 [9].

P (dBm)

OIP,

P (dBm)

Figure 3.7: Graphical IP; Determination
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where

P; = Small-signal Input Power
P, = Fundamental Output Power
Popv3 = IM3 Output Power

[IP; = Input IP5

OIP; = Output IP;

From simple concepts of analytical geometry, slope is defined as

Slope = y_z-:_¥-1
X2 —Xq
Therefore, OPs—Par _ 4 = IIP;-P, = OIP,—P,,
P, - P,
OIP;—Poima _ _ OIP;-Pg ;3
and —--l'i-P—;_—P[-——3 = ||P3—P|—-—-3-—
From Equations 3.31 and 3.32
o1p,-p,, = 21Ps—Poms

3
1
=> O|P3 = 5(3P°1 —PolMa)

Also from Equation 3.31

(3.31)

(3.32)

(3.33)
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llpa = Pi-p°1 +O'P3

]

= liP,; Pi"'%(Ptﬁ"PolMS) (3.34)

To calculate IP; analytically, consider the coefficients of output fundamental signal and

IM3 products in Equation 3.30 and assuming A=A, =A under small-signal conditions

Therefore, fundamental output at ®; = a,A+ %asAs + ga:,A3
9 3
= a1 A+ aasA
IM; at (2001-03;) and 2~ By) = 32,A°

At IP; both are equal, therefore, magnitude of IP5 is given by
- A= /2?1
P, = A= oo (3.35)

It should be noted that Equation 3.35 is valid for two tone input signal only.

3.4 Noise Figure in CMOS Mixers

One of the performance parameter considered, while designing mixers is the noise figure.
Fortunately, conversion gain and noise figure in active mixers are related in such a way
that a design optimized for better noise figure performance usually shows good conversion

gain, however, converse is not always true [14], [17].
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Consider the high-frequency, small-signal FET model shown in Figure 3.8.
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Figure 3.8: High Frequency Small-Signal Model for FET

oy
~eAM e e g

Ly, R; and L, R and Ly, Ry represent the respective inductance and resistance at gate,
source and drain of a FET. R; is the channel charging resistance which represents the non-

instantaneous response of the channel charge due to the instantaneous variation in gate-

source voltage [18]. Since gate-source voltage is proportional to the wransconductance g,

of the device, R; is also proportional to g, and related as

Ry = e (3.36)

where factor of 5 is due to the distributed nature of channel resistance between source and

drain.
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The minimum noise figure NF,;, for the high-frequency small-signal FET model shown

in Figure 3.8 1s given by the equation [19].

Cys [Rs+R
NF o =1+20-% [=__39

Gmd Ry (3-39)

Few important observations are apparent from Equation 3.36.
o NF., is proportional to the frequency of operation

» NFpyi, is proportional to the gate resistance R,. If contact to the gate of wransistor is sin-

gle-ended i.e. only one end of the gate is connected to the signal, then gate resistance is

given by the relation

Rsh
Ry =3

rig

(3.37)

where Ry, is the sheet resistance of gate material, W is the width and L is the length of

a transistor gate. The factor of 3 in Equation 3.37 is again due to the distributed nature

of gate resistance. However, by contacting gate from both ends, this factor can be

increased to 3x(2)? = 12 times i.e.

Rsh
fa =12

<

Therefore, by connecting gate at both ends, gate resistance R, can be reduced 4 times,

resulting in better NF ;. In addition, by using multi-fingered gate, R, of the transistor
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can further be reduced because width of gate, and hence its resistance, is now equally

divided among all the gate fingers.

In current-switching mixers, the switching pair or quad injects further noise due to the
imperfect switching of LO transistors. This noise results from the fact that both the LO
transistors in case of single-balanced mixer, remain on for some period of time. Therefore.
thermal noise introduced by both transistors is added to the total output noise power. Sim-
ilarly, in case of double-balanced current-switching mixers, all the transistors of switching
quad remain on for some period of time introducing considerable thermal noise at the out-
put. This thermal noise ideally has twice the magnitude as compared to that of the single-
balanced mixers [16], [20]. In CMOS cascode mixers, the RF transistors operate in linear
region of operation which inherently is more noisy as compared to current-switching RF
transistors that operate in saturation region. This is due to the fact that, in the linear region,

drain-source resistance ry; affects the transistor performance whereas, in saturation region

Iqs Is very large.

3.5 Unity Current Gain Cut-off Frequency

Figure 3.8 shows a high frequency, small-signal model of a FET. To calculate the unity
current gain cut-off frequency of FET, Figure 3.8 can be simplified to an equivalent circuit

shown in Figure 3.9 [19].
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Figure 3.9: Simplified Small-Signal Model of High Frequency FET

Current gain is given by

GmVg 9m

ng(cgs + cgd) B m(cgs + cgd)

By definition, unity current gain cut-off frequency f, is the frequency at which G; becomes
unity under short-circuit conditions, i.e.
9m
f,= ———m (3.38)
' 2n(Cys + Cga)
Therefore, f, is directly proportional to the transconductance g, and inversely proportional
to the gate-source capacitance Cgg and drain-source capacitance Cgq of the transistor.

However, under saturation conditions, Cgq is much lower than Cg. From Equation 3.24,
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gm depends on the % ratio of the transistor while Cgs and Cgy depend on the total gate area

i.e. WxL. Considering L to be fixed and transistor in saturation. any increase in W will

increase both the g, and C,s. However, this increase in the g, and Cy, is not proportional
and C, increases more as compared to the gp,. Therefore, there is a limit on increasing the

gate width W of a transistor as shown in Equation 3.38. Similarly, same trade-off also

holds for the minimum noise figure of the transistor (Equation 3.36).

3.6 Summary

Comparison of different types of active CMOS mixer topologies and configurations on the
basis of their major performance parameters suggests that the choice of configuration
largely depends on the application requirements. Generally, there exists a trade-off
between conversion gain and linearity of active mixers. Single-balanced mixers consume
less power but their linearity performance is worse than double-balanced structures, which
obviously consume twice as much the power. However, major advantage of using double-
balanced mixer is the suppression of LO and RF feedthrough and even-order harmonics
which might fall in the frequency spectrum that may be allocated to some other user. Also,
if the mixer is surrounded by other RF building blocks in an integrated system, the
absence of unwanted harmonics will improve the overall performance of the system. All
the mixer structures discussed previously are implemented in 0.25 pum standard CMOS
process and their simulation and measurement results are reported in Chapter 4 for com-

parison.
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CHAPTER 4 Circuit Des zgn and
Performance Evaluation

4.1 Introduction

In this chapter, simulation, measurement and layout issues of the CMOS mixer structures,
discussed in Chapter 3, are described. The mixer structures are designed in 0.25 pum stan-
dard CMOS technology (f; = 30 GHz) using spectreRF simulator in Cadence environment.
Layouts of the designs are performed using Cadence IC design tool Virtuoso and designs
are fabricated by Taiwan Semiconductor Manufacturing Company (TSMC) through Cana-
dian Microelectronics Corporation (CMC). Discussion of the results is provided in Section
4.9 that also gives comparison of this work and some other reported CMOS mixers from

the recent literature.

In order to evaluate the effects of different CMOS mixer structures and topologies, it is
necessary to design and optimize one configuration as a reference design and compare its
performance with other topologies and structures with respect to the major performance
parameters like conversion gain, linearity and noise figure. In this thesis, it was decided to

choose single-balanced CMOS current-switching mixer as a reference configuration
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because of its relatively simple structure and the fact that more complex structures like
double-balanced current-switching mixers are just the combination of two single-balanced

mixers.

It was discovered at the beginning of the thesis that good packaging models for RFICs
were not available at frequencies above 1.5 GHz, hence it was concluded to employ direct
wafer probing. The available probes were designed for 50 Q environment which suggested
the need for on-chip matching networks for each design. Lumped matching elements espe-
cially inductors are not very accurate and suffer from low Q levels, which could have
affected the results of this work. Therefore, it was decided not to use lumped matching
networks to avoid variations due to the matching networks in the comparison. However,
output buffers were placed at the output of the designs for ease of measurement procedure,
which also provided good output matching (output return loss greater than industrial stan-
dard of 10 dB). As the buffer stucture used was similar for each design, its effect on the
performance parameters was consistent, regardless of the configuration of the design. For
all the simulations and measurements, the input RF frequency is 2.4 GHz, LO frequency is

2.15 GHz, therefore the output IF frequency is 250 MHz.

4.2 Design and Optimization of Single-Balanced CMOS

Current-Switching Mixer

As discussed earlier, single-balanced CMOS current-switching mixer has been chosen as a
reference design for comparison with all other designed CMOS mixers due to its relatively
simple configuration. In Chapter 2, a substantial discussion was provided giving its opera-

tion, configuration and limitations. In Chapter 3, a general first order conversion gain
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expression, without taking the parasitic capacitances and input/output impedances into
account, was derived (Section 3.2.1) and it was shown how the transconductance of the

mput RF transistor affects the conversion gain and noise figure of the down-conversion

muxers which, in turn, is directly proportional to the aspect ratio %of a RF transistor

(Equation 3.31).

The design is optimized to achieve moderate conversion gain as it is usually undesirable
for active mixers to have large conversion gain because of the trade-off between conver-
sion gain/noise figure and dynamic range of down-conversion mixers. This trade-off
comes from the fact that higher conversion gain tends 1o overload the output of the mixer,
resulting in lower input P 4g. Also, to increase the linearity, the current flowing through
the device needs to be increased but too much current tends to degrade the noise figure of
the mixer due to the higher gate-source capacitance as discussed in Chapter 3. The noise

figure and input P4 are also simulated for the optimized design and results are provided

in the following discussion.

It was realized after the submission of designs for fabrication, that the simulator used for
simulations (spectreRF) shows the output power in terms of dBV, instead of dBm. The

relation between dBV and dBm, when the ports are matched to 50 &, is given as follows:

an = 10os [ () )

= 10log(Vp2) + 10109(%009)

Therefore, Pygm = Pagy+10dB
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i.e. the power in dBV (at 50 £2) is 10 dB less than the power expressed in dBm,
therefore, to get the output power in dBm, 10 dB has to be added to the power given in

dBV. However, the input power Py is specified in dBm in the simulator i.e. no correction

is needed in input power and therefore, in the simulated input P} 4g. Summarizing,

= B
P,F(dBm)|5°Q P'F(dBv)lson +10d (4.A)
“DFT" of Prf = —4@ ¢Bm @ 2.4 GHz 0]
—3g.@ _:: dB2o(dft(VT("/Prf") @ 8.533333e~87 8192 "Rectongular” 1
—-58.86 |
78.0 For Prf(dBm) = —49 —-> Pr{(<¢BV)= —-5¢
-S0.0 L
z
3 -112 ¢t
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Figure 4.1: DFT of Input Power
Figure 4.1 shows the simulations of a signal having power equal to -40 dBm. The source
used in spectreRF i.e. ‘psin’ has a source resistance of 50 By using a 50 Q termination
and performing Discrete Fourier Transformation (DFT), the output power level is -50 dBV
which is exactly 10 dB down the input power level expressed in dBm as shown in Equa-

tion 4.A.
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This 10 dB correction is shown in all tthe output IF power vs. Input RF power and the out-
put IF power vs. LO power plots as a «correction note for all the designed mixers. For the
cases, where actual simulation plots are not provided, the 10 dB correction is manually

made to the matlab plots, however the  correction note is still given.

4.2.1 Schematic and Simulattion Issues

Figure 4.2 shows the complete schermatic of CMOS single-balanced current-switching
mixer where an ideal transformer is useed to convert the single-ended LO signal into a dif-
ferential signal. Similarly, an ideal tramsformer is employed at the IF port to convert the
differental output into a single-ended HF output. AC blocking inductors and DC blocking
capacitors are placed at all signal inputs and outputs to keep the simulation environment as
close to the measurement setup as posssible where bias-tees would be used for DC biasing

and signal inputs.

As the designs are not packaged, the bond-wire inductances are not an issue and their
effects have not been included in the simulations. However, pad capacitances have been

included in the post layout simulations.

PMOS transistors have been used as active load because of their high output impedance,
which helps in achieving higher conver-sion gain as shown in Equation 3.9. Also, the gate
bias of load transistors has been kept offf-chip for better control over the output power dur-
ing measurements. NMOS transistor is used as a current source at the source terminal of
the RF transistor, with gate and drain tieed together (diode-connected) so that it remains in

saturation region of operation at all imess.
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Figure 4.2: Complete Schematic of Single-Balanced Current-Switching Mixer
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4.2.2 Device Sizes

In Chapter 3, it was shown how the transconductance g, of input RF transistor affects the
conversion gain and noise figure of a mixer. Therefore, the most critical task while design-
ing a CMOS mixer, is the size of the RF transistor. RF and LO transistors should be of
minimum available channel length so that they can operate at higher frequencies, due to
the limitations of unity current gain cut-off frequency f, (Section 3.5). In the case of
switching mixers, the drain current flowing through each LO transistor is half the total

drain current of the RF transistor, therefore, for same minimum channel lengths, the chan-
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nel width of the LO transistors should be half as compared to the RF transistor channel

width.

As the conversion gain depends on the transconductance g, of the RF transistor, the %

ratio should be large for higher gain. However, it should not be too large because larger
transistors have higher gate-source parasitic capacitance which tends to limit the high fre-

quency operation and increases the noise figure of FETSs as discussed in Sections 3.5.

For each transistor, the total channel width has been divided into a number of fingers to
reduce gate resistance. For this thesis, a finger width of 10 um has been standardized and
each transistor’s channel width is a multiple of 10 um. The choice of using 10 um finger
width with minimum length is due to the fact that the available transistor model parame-
ters from CMC are categorized according to the width and length of transistors and below
10 um the model category changes. Also, by setting a standard width for each finger and

then using its multiples, the layouts of the designs are greatly simplified.

The sizes of buffer transistors are set such that the current flowing through the lower buffer
transistors (Mp; and My, in Figure 4.2) and their drain-source voltage show an approxi-
mate 50 2 impedance at the output port. The buffer current can be controlled by varying

the external gate bias voltage of lower buffer transistor.

The number of fingers for each transistor is shown in Table 4.1. The sizes of current-
source transistor Mg and load transistors My ; and M| , are set such that the total current
flowing through the mixer core is between 1 - 2 mA, which can further be controlled by

adjusting the gate bias voitage of load transistors. Lower current limit is set to 1 mA as
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below this limit, the RF transistor comes out of saturation and all the performance param-
eters degrade significantly. Although, higher current levels help in achieving better linear-
ity but it was decided to fix the upper current limit of the single-balanced current-
switching mixer to 2 mA in order to investigate its performance at lower power consump-

ton.

Table 4.1: Transistor Sizes for Single-Balanced Current-Switching Mixer

Width of Each Number of
Transistor Finger (um) Fingers
MRF 10 My
Mio1 & MLo2 10 my
2
M, 10 24
Buffer 10 12

The bias voltages and DC operating points are adjusted so that each transistor remains in
its intended region of operation. The input RF power level of -30 dBm is also standardized
for all parametric simulations. In spectreRF, “Single-point Periodic Steady-State (SPSS)”
analysis gives the output power versus input power plot along with the input P4g. Also,
same analysis can be used for multiple parametric sweeps of different variables against

output power level.

The parametric simulation is performed by sweeping number of fingers ‘m’ from 8 to 40.

Figure 4.3 shows the corresponding plot of output IF power versus RF transistor width

Wrp which shows the highest conversion gain for Wrg =240 um.
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Output IF Power vs RF Transistor Width @ Pr{ =-30 dBm
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Figure 4.3: P;: vs Wiy for Single-Balanced Current-Switching Mixer

Now keeping Wpp = 240 pum and Wy 5 = W gy = 120 um, another parametric simula-
tion is done by sweeping the source transistor number of fingers ‘mg’ from 6 to 60 to fur-

ther optimize the design (Figure 4.4). It is ensured that the total DC current remains within
the design specs of 1-2 mA and all the transistors remain in the saturation region of opera-

ton.
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Qutput IF Power vs Source Transistor Width @ Prf =-30 dBm
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Figure 4.4: Py vs W for Single-Balanced Current-Switching Mixer

Same procedure is repeated by sweeping load transistor number of fingers ‘m;4’ and the
simulation results are shown in Figure 4.5.
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Figure 4.5: Py vs Wy p for Single-Balanced Current-Switching Mixer
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After establishing all the transistor sizes, LO input power has been swept from -10 to 14

dBm at Prg =-30 dBm and plot shows the best output IF power for P; o = 2 dBm (Figure
RF P tp |% LO

4.6)

Output IF Power vs LO Power @ Prf = -3¢ dBm
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Figure 4.6: Py vs Py g for Single-Balanced Current-Switching Mixer

The final optimized single-balanced current-switching mixer is given in Figure 4.7, where

all the transistor sizes are provided.
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Figure 4.7: Single-Balanced CMOS Current-Switching Mixer

Again, using spectreRF SPSS analysis, RF power is swept from -70 dBm to 0 dBm at Py
= 2 dBm, shown in Figure 4.8. Figure 4.9 gives the frequency spectrum of Pig, Pgg and
PLo and we can see the presence of LO feedthrough in the output spectrum. The presence

of a harmonic at 1.9 GHz in the RF spectrum is due to the LO leakage to the RF port

which results in an image frequency signal.

The noise figure of the optimized design is also simulated in spectreRF simulation tool.
The final single-balanced current-switching mixer exhibits a simulated noise figure of 15.6

dB and input P4 0of -9.04 dBm.
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Figure 4.9: Frequency Spectrum of Single-Balanced Current-Switching Mixer
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The whole design cycle can be summarized in a block diagram representation for quick

reference as shown in Figure 4.10.

Find out the maximum power consumption from design specs

Calculate the size of current-source transistor to obtain desired DC current

Calculate the size of load transistor and determine bias voltage to
achieve half as much the total DC current

Paramertric sweep number of fingers ‘ms’ for RF transistor to obtain best
conversion gain. The number of LO transistor fingers will be ‘m g2’

Run parametric simulations for load and current-source transistor sizes to
further optimize the design for best conversion gain

Parametric sweep LO power for best conversion gain

Run noise figure simulations to obtain the noise figure of optimized design

Sweep [F power vs RF power to measure 1-dB compression point

Optimize design again by adjusting bias voltages for better
conversion gain, noise figure and linearity

Figure 4.10: General Design Procedure for CMOS CS Mixer
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4.3 Schematic and Simulations of Double-Balanced CMOS

Current-Switching Mixer

As discussed earlier, double-balanced current switching mixer is a combination of two sin-
gle-balanced mixers connected in parallel, therefore exactly the same configuration,
shown in Figure 4.7, can be used to realize a double-balanced mixer. The complete sche-

matic of double-balanced CMOS current-switching mixer is shown in Figure 4.11.
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Figure 4.11: Complete Schematic of Double-Balanced Current-Switching Mixer

The only difference here is the current source, where the NMOS transistor M in the sin-
gle-balanced structure, has been replaced by a current-source resistor R, whose value is

chosen in such a way that the current flowing through Ry is twice as much the current
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flowing through M. No effort, other than adjusting the bias levels, has been made to opti-

mize the circuit because one of the purpose of this work is to compare all the balanced dif-

ferential mixers with the reference single-balanced CMOS mixer.

Figure 4.12 shows the parametric simulation result of sweeping Py o from -10 to 14 dBm
at Ppg = -30 dBm to find the optimum LO power level. Figure 4.13 gives the input P4g.
where again output IF power need to be corrected by adding 10 dB to the Py expressed in

dBV. Figure 4.14 shows the frequency spectrum where we can observe significant
improvement in LO rejection at the output although the RF spectrum still shows the pres-

ence of the image frequency due to the LO leakage at the RF port.

The double-balanced current-switching mixer shows a simulated noise figure of 8.33 dB

and input P45 of -5.21 dBm.
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Figure 4.12: Pyy vs Py o for Double-Balanced Current-Switching Mixer
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Output IF Power vs Input RF Power @ Plo = 2dBm
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Figure 4.14: Frequency Spectrum of Double-Balanced Current-Switching Mixer
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4.4 Schematic and Simulations of Single-Balanced CMOS

Cascode Mixer

Although single-balanced CMOS cascode mixer represents different type of mixing oper-
ation, we can still compare it with the single-balanced current-switching mixer on the
basis of major performance parameters, because of its differential structure. Figure 4.15
shows the complete working schematic of single-balanced cascode mixer, where again,
only the biasing levels and LO input power are different. The current-source and the load
transistors are exactly the same as for single-balanced current switching mixer. However,
in this case both the RF and LO transistors have same channel width and length ie. W =
120 pm and L = 0.24 pm, so that the current flowing through each branch is half the total
current provided by the current-source transistor M.
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Figure 4.15: Complete Schematic of Single-Balanced Cascode Mixer
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Figure 4.16 and Figure 4.17 show the simulation results of sweeping P ¢ and Pgg respec-
tively. Figure 4.18 gives the frequency spectrum of the single-balanced CMOS cascode

mixer, where again we can observe the presence of LO harmonics at the output spectrum.

The single-balanced cascode mixer shows simulated noise figure of 14.5 dB and input

P4g of -3.85 dBm. The improvement in input P45 is expected as the RF transistor is

operating in the linear region of operation.
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Figure 4.16: Py vs Py for Single-Balanced Cascode Mixer
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Output IF Power vs Input RF Power @ Plo = 4 dBm
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Figure 4.18: Frequency Spectrum of Single-Balanced Cascode Mixer
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4.5 Schematic and Simulations of Double-Balanced CMOS

Cascode Mixer

As in the case of double-balanced current-switching mixer, the only difference between
double-balanced and single-balanced cascode mixers is the type of current source used.

Figure 4.19 gives the complete schematic of double-balanced cascode mixer.
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Figure 4.19: Complete Schematic of Double-Balanced Cascode Mixer

Figure 4.20, Figure 4.21 and Figure 4.22 show the swept LO power, swept RF power and

the frequency spectrum of the double-balanced cascode mixer.
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The double-balanced cascode mixer shows a simulated noise figure of 10.04 dB and input

Pi4p of -5.2 dBm. Again the improvement in the input Py4g is due to the linear region

operation of the RF transistors and the complete rejection (ideally) of the LO harmonics at

the output port (Figure 4.22).
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Figure 4.20: P vs Py g for Double-Balanced Cascode Mixer
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4.6 Design and Optimization of CMOS Single Cascode Mixer

‘The design methodology illustrated to design single-balanced current-switching mixer can
directly be applied to design and optimize the simplest of the CMOS mixer structures i.e.
the single cascode mixer. The single cascode mixer is designed in both 0.25 um and 0.18
um standard CMOS technologies but only 0.25 um structure has been laid out and fabri-

cated. The basic configuration is the same as shown in Figure 3.6.

The design and optimization of cascode mixer follows the same procedure prescribed in
Section 4.2. First of all, transistor sizes have to be determined, which should be same for
both RF and LO transistors, so that the common drain-source junction can be shared and
the fact that same current flows through both the transistors. The complete schematic of

single cascode mixer is shown in Figure 4.23.

aum=2

Figure 4.23: Complete Schematic of Single Cascode Mixer
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As this structure is not balanced, the LO signal harmonics are not rejected at the output IF
port, therefore, a passive tank circuit, tuned to LO frequency, has been connected at the

output port to reject the LO frequency contents.

Setting reasonable bias levels, parametric simulations are performed, for both the mixers
and simulation results are given in Figures 4.24 - 4.27 where continuous and dashed lines
show the results of 0.25 um and 0.18 pm CMOS single cascode mixers respectively. The
final 0.25 pm single cascode mixer shows a noise figure of 10 dB and input P;4p of -12.2
dBm. The RF, IF and LO spectrum show the presence of RF, LO and IF leakage at all the

ports (Figure 4.26) due to the unbalanced nature of the single cascode mixer.
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Output IF Power vs input RF Power @ Plo =4 dBm
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Figure 4.26: Frequency Spectrum of Single Cascode Mixer
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4.7 Layout Design Issues

Layouts of all designs are done in Cadence IC design tool Virruoso. “Layout versus Sche-
matic (LVS)” has been performed for each layout to compare it with the schematic and fix
any layout connectivity or size errors. Post layout simulations, with and without parasitics,
are also done to confirm the functionality of the designs. Layouts for all the designs are

provided in Appendix A.

Extreme care has been done while laying out balanced mixer structures to retain the sym-
metry of the designs. The differential signal connections to the pads are kept as much of
equal length as possible to avoid any mismatch losses. De-coupling capacitors have been
used to decouple power supply noise to the ground. Separate power supply and ground
pads are provided for output buffers to keep their contributions in the mixer results as

small as possible.

For single cascode mixer, the LO transistor source and RF transistor drain have been
shared to reduce junction area and hence the capacitance of the shared junction. The LO
rejection passive circuitry has been laid out using on-chip inductor and capacitor. The
inductor has been designed using ASITIC (Analysis of Si Inductors and Transformers for
ICs) design tool, developed by Ali M. Niknejad of University of California at Berkeley
[21]. Top metal has been used to realize the inductor because of its lowest resistance and
farthest distance from the substrate, which helps in reducing parasitic capacitances and
resistances resulting in better quality factor Q. The simulated Q at 2.4 GHz is 4.03. The
inductor has been modeled considering most of the parasitics as shown in Figure 4.27 and

its layout has been provided in Appendix A.
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Figure 4.27: ASITIC Simulated Inductor Model for Single Cascode Mixer

The capacitor has been designed using large gate area NMOS transistor having source and
drain tied together and connected to the substrate which also acts as the lower plate of the
capacitor. The usual capacitance relation, shown below, has been used to estimate the area

needed to realize the correct capacitance value.

where
€ox = €5i02 X & = (Relative permittivity of SiO,) x (Permittivity of free space)
tox = Thickness of gate oxide

A = Area of capacitor = W x L (W = Width of gate, L = Length of gate)
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4.8 Measurement Results and Comparison with Simulations

As discussed earlier, wafer probing is employed to test the fabricated designs. Mini-Cir-
cuit power splitters/combiners are used to convert the single-ended signals into the differ-
ential signals and vice versa. DC biases are given to the circuit using Mini-Circuit bias-
tees which effectively provide AC and DC blocking capabilities. The losses through the
cables, power splitters/combiners, bias-tees, adapters etc. have been accounted for and

adjusted in the final measurement results.

Figure 4.28 to Figure 4.37 show the measurement results in comparison to the simulated
performance, where continuous and dashed lines represent measured and simulated results
respectively. Figures 4.29, 4.31, 4.33, 4.35 and 4.37 show the simulation and measurement
results of sweeping P| g to obtain the best conversion gain. The difference in the reference

input RF power Ppg in the simulations and measurements is due to the correction after

subtracting the losses in the measurements, which is 3.3 dB for single-ended and 6.3 dB
for differential input RF power at 2.4 GHz. As explained in Section 4.2, the text “correc-

tion applied” appearing in all the figures refers to a post simulation results normalization.
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Qutput IF Power vs Input RF Power for Single-Balanced CS Mixer
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Figure 4.28: Py vs Pry for Single-Balanced CS Mixer (Measured./Simulated)
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Figure 4.29: Pp vs Py g for Single-Balanced CS Mixer (Measured/#Simulated)
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Qutput IF Power vs Iinput RF Power for Double-Balanced CS Mixer
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Figure 4.30: Pyx vs Ppy for Double-Balanced CS Mixer (Measured/Simulated)
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Figure 4.31: Py vs P g for Double-Balanced CS Mixer (Measured/Simulated)
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Figure 4.33: Py vs P g for Single-Balanced Cascode Mixer (Measured/Simulated)
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OQutput IF Power vs Input RF Power for Double-Balanced Cascode Mixer
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Qutput IF Power vs input RF Power for 0.25 um Single Cascode Mixer
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Table 4.2 gives the performance parameters in both the simulations and measurements for
all the mixer sauctures designed in this thesis. Noise figure measurement results are not
provided due to the inconsistencies in the measured results because of the non-availability
of accurate noise figure measurement setup. Discussion of results and their comparison
with some of the CMOS mixer structures reported in recent literature has been given in

Section 4.9.

Table 4.2: CMOS Mixer Simulation and Measurement Results

Input 1 dB Noise Mixer
Conversion Gain |[Compression Point{| Figure | Current
Py o (dBm) (dB) (dBm) (dB) (mA)
Configuration of Sim
Mixer @Pgp=-30dBm Meas Sim Meas Sim Meas Sim Meas
Al —
Single-Balanced 2 4 3.8 24 -9 -11.3 15.62 1.32
Current-Switching @Pgg=-33.3dBm
Single-Balanced 4 0 4.5 4.7 -39 -14.6 14.5 143
Cascode @Pgp=-33.3dBm
Double-Balanced 2 4 8.1 6.1 5.2 -8.3 8.33 224
Current-Switching @Pgp=-36.3dBm
Double-Balanced 8 0 6.7 6.9 -5.9 -133 10.04 2.18
Cascode @Pgg=-36.3dBm
Single Cascode 4 8 8 4.8 -122 -20.8 10 6.11
(0.25 pm) @Pge=-33.3dBm
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4.9 Discussion of Results and Comparison with Literature

In Table 4.2, simulation and measurement results of CMOS mixers are given side by side

for comparison. Several interesting observations can be made on the basis of these results.

The conversion gain numbers in the measurements are generally in agreement with the
simulation results except in the case of single cascode mixer where there is about 40%
variation. In terms of input P4, the comparison numbers are close when the simulated
and measured LO power (both optimized for the best conversion gain) are also close e.g.
in single and double balanced CS mixers. However, when the simulated and measured LO

power differ significantly as in the case of all the cascode mixers, the input P;4g numbers

are also quite off.

If we look at the comparison of simulation and measurement results of available reported
CMOS mixers in literature, we can observe the same simulation-measurement results dis-
crepancy. This can be because of the fact that the device models in CMOS technology are
optimized for the digital designs. The models, not optimized for high frequency RF
design, might result in inaccuracies in the simulated values. Table 4.3 shows the simula-

tion and measurement results comparison of few reported CMOS mixers.
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Table 4.3: CMOS Mixer Simulation and Measurement Results from Literature

Input 1 dB Mixer
Conversion Gain || Compression Point || Current
Pro (dBm) (dB) (dBm) (mA)
Reported
By Sim Meas Sim Meas Sim Meas Meas
[24] 5 5 4 0 -13 -10 10.2
[25] - - 5 -25 =3 =11 4.1

In terms of linearity, the double-balanced current-switching (Gilbert) mixer shows the best
performance with nominal conversion gain at reasonable power consumption and LO
power (4 dBm) even without much optimization in comparison to its single-balanced
counterpart which was fully optimized for better conversion gain and linearity. Single and
double balanced cascode structures also show some good results, however, measured per-
formance differ from the simulations in terms of amount of LO power needed to obtain

best conversion gain.

From the simulated noise figure, we can observe that, although single-balanced mixers
have half the number of devices as compared to double-balanced mixers, their noise figure
is still quite worse than double-balanced counterparts. The reason of this behavior comes
from the fact that in double-balanced mixers, the noise introduced by the large LO signal

is suppressed at the output port while in single-balanced mixers, where LO signal is not
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suppressed at the output, it causes considerable increase in the total output noise power.
The lower noise figure of single cascode mixer as compared to single-balanced mixers is

because of its larger drain current and less number of devices used.

The input and output frequency spectrums shown in Figures 4.9, 4.14, 4.18, 4.22 and 4.26
show the presence of unwanted RF and LO harmonics at the output IF port with most har-
monics present in the single-cascode mixer (even in the presence of LO rejection cir-
cuitry), and almost non-existent in double-balanced structures. It can also be observed,
that only LO harmonics are present in the output spectrum of single-balanced structures

while RF harmonics are rejected, as discussed in theory in Chapter 3.

Looking closely at the input RF spectrum, we can observe a harmonic at 1.9 GHz in
almost all configurations. This harmonic represents the LO leakage to the input port,

which again mixes down with RF signal, resulting in an image frequency term.

Table 4.4 shows the comparison of this work and some of the other CMOS mixers,

reported in the recent literature.

Figures 4.38 and 4.39 give the comparison of conversion gain and input P;4p against

power consumption for CMOS Gilbert mixer reported in literature and this work.
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Table 4.4: Comparison of Reported CMOS Mixer Designs and This Work

RF LO Input || Supply DC
Reported || Technology Conversion Current
Frequency || Power Pigp || Voltage Power
By and Type Gain (dB) (mA)
(MHz) || (dBm) (dBm) V) (mW)
1 pm
(4] 900 - 0 - 3 25 75
SB-CS
0.8 Anal
[22] Hm Analog 2200 2 -1 -9 3 21 63
Multiplier
0.5 um
[23] 1900 - 6 -10 1 75 7.5
Gilbert Variant
0.5 um
[2] 900 - B.8 -16.1 2.7 26 7
Trans Mixer
0.8 um
[10], [12] 1900 -8 6.5 -12 3 35 10.5
Gilbert
0.8 um
[12], [24] 1900 5 0 -10 3 8.8 26.4
DB-Cascode
0.25 pm
[27], [28] 1000 - -5 -4 25 6 15

Gilbert
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4.10 Summary

In this chapter, a comprehensive simulator based design methodology is presented which
has been used to determine the major performance parameters of the fabricated CMOS
mixer designs. Both the simulation and measurement results are, generally, in agreement
with each other, with a few exceptions. In essence, it has been shown that spectreRF pre-
dicts the RF circuit behavior satisfactorily. Some of the discrepancies in the simulations
and measurements, result from the CMOS device modeling problems at GHz range fre-
quencies. New and improved MOSFET models have been proposed recently for high fre-

quency RF applications which might help in solving these modeling problems [33].
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CHAPTER 5 Conclus iOI’lS

5.1 Thesis Summary

The thesis presents the design methodology to design and optimize 2.4 GHz CMOS RF
down-conversion mixers. The choice of using CMOS technology to design RF mixers
conforms to the present and future trends of evolving novel chip architectures, driving
eventually towards a single-chip transceiver solution which will help in reducing the num-
ber of ICs and devices on the Printed Circuit Board (PCB). This solution will result in
decreasing the cost and total power consumption of wireless products, effectively extend-

ing battery life and reliability.

Several CMOS mixers, including both differential and single-ended structures, have been
investigated. The voltage conversion gain relation for each type of mixer has been derived,
giving its relationship with the transistor device characteristics and dimensions. This

information has been used to optimize the designs.

The single-balanced current-switching mixer has been chosen as a model design for opti-

mization purposes. To keep the comparison as uniform as possible, all other structures are
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designed using the same device sizes obtained from the optimization of single-balanced
mixer. The input [-dB compression point and noise figure of the designs have also been

provided.

The simulations are performed in spectreRF simulation tool under Cadence environment
and comparison between simulations and measurements have been provided. The compar-
ison of designed mixer structures with few of the CMOS mixers, reported in literature, has
been given to check the validity of the design methodology in terms of major performance
parameters and total power consumption. The comparison with literature (Table 4.4) sug-
gests that although designed mixer structures are working at higher frequencies, the per-
formance numbers are still favourably comparable and in some cases better than the other
reported mixer structures. This improvement in performance can be attributed to the
design methodology, which offers a practical and time-saving approach towards design

and implementation of RF down-conversion mixers.

In essence, this thesis contributes towards design and implementation of RF CMOS down-
conversion mixers in 0.25 um CMOS technology, by illustrating a simulator-based design
methodology, with appropriate reference to the theory. This methodology can be incorpo-
rated successfully to newly emerging CMOS technologies as shown by implementing a
test design in 0.18 um CMOS technology. The methodology also helps in significantly
reducing the time taken to design a major RF building block, by making efficient use of an

existing simulation tool, thus satisfying a major industrial requirement of Time-to-Market

(TTM) strategy.
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5.2 Suggestions for Future Research

Although, all the CMOS mixer designs presented, work well under certain limits, there is,
still, a lot of room for improvement. In this thesis, only the single-balanced current-
switching mixer was fully optimized. The same procedure can be applied individually to
other designs making full use of their circuit topologies, especially double-balanced struc-
tures, which not only provide comparable conversion gain but also help in significantly

improving the dynamic range of the receivers.

In this thesis, the design optimization was done to achieve better conversion gain. This
process can be modified meaningfully, by optimizing the design on the basis of better
noise figure, which sometimes is regarded as more critical performance parameter for
down-conversion mixers. For all the designs, degeneration inductors can be placed at the

source of the input RF transistor to improve linearity.

One interesting design presented is the monolithic single cascode structure, which to
author’s knowledge, has been reported only in high frequency microwave applications
using GaAs MESFET technology because of the difficulty in realizing small sized on-chip
inductors at lower frequencies. However, as the operating frequencies are moving towards
the upper microwave range applications, the values of inductors required to reject
unwanted harmonics from the output of a mixer are getting smaller, providing a good
opportunity of investigating this structure for those applications. While this mixer con-
sumes more current than traditional designs, it can operate at lower voltage supplies as no

current source is needed and most importantly one of the transistor is working in linear
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region which requires less voltage headroom, in contrast to switching mixers, where all

the transistors should remain in current-saturation.
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Figure A.5: Layout of Single Cascode Mixer
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