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Abstract

In past years, the evolution in communication technology has led to a need for
highly-integrated, low-power, and low-cost circuit designs for wireless applica-
tions. The demand for radio frequency (RF) wireless transceiver operating at 2.4~
GHz band has attracted considerable research interest. The performance of such
transceivers depends heavily on that of each of the individual blocks such as low-
noise amplifiers and mixers. However, there are very few designs that focus on
connecting the single-ended output low-noise amplifier (LNA) to a double-balanced
mixer without the use of on-chip transformer. This kind of receiver front-end is de-
signed to achieve high integration and low power consumption.

In recent years, Ultra-Wideband (UWB) technology has developed very rapidly
due to its high data transmitting rate and low power consumption. Meanwhile, the
design of an Ultra-Wideband low-noise amplifier (LNA) has become an important
challenge since it is normally the front-end of the radio frequency (RF) receiver sys-
tem. Low power consumption of an UWB LNA is a critical requirement for UWB
application such as portable devices or especially in biomedical systems. However,
the design should not only focus on low power, but also focus on optimizing other
performances at competitive levels over the entire bandwidth, where the Federal

Communication Commission (FCC) has allocated 7.5 GHz of bandwidth from 3.1
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GHz to 10.6 GHz for Ultra-Wideband.

This thesis focuses on the design of a fully-integrated RF receiver front-end in-
cluding a narrow-band LNA followed by a double balanced mixer. The receiver
operates at 2.4 GHz and produces an output signal at 300 MHz. The circuit is de-
signed and fabricated using TSMC 0.18-m CMOS technology. In order to translate
the single-ended RF output signal from the LNA into the differential input pair of
the mixer, a main novel idea of this design is to use one PMOS and one NMOS in-
stead of two NMOS devices for the RF amplification stage of the double balanced
mixer. The circuit achieves 16.3dB gain and 6.74mW power consumption while
using 2.08 mm? chip area.

Another design presented in this thesis is a UWB LNA with special emphasize
on low power consumption as well as on optimizing the overall performance. The
circuit is designed using TSMC 0.13-pm CMOS technology. It achieves a very flat
gain of 10.3-12.1 dB and 3.4-5.9 dB noise figure (NF) throughout the entire band-
width of 3.1-10.6 GHz. The power consumption is 2.81 mW which is extremely low
compared to other designs and the chip area is 0.48 mm?. The overall performance

is also competitive according to its figure of merit (FoM).
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Chapter 1

Introduction

1.1 Narrow-Band Receiver

1.1.1 Introduction to Narrow-Band Receiver Systems

The design of radio frequency receiver integrated circuits requires a combination
of expertise in the areas of circuit design, system architecture, and IC process tech-
nology [1]. One of the most important receiver types is the 2.4-GHz narrow-band
receiver since many wireless networking architectures are based on it. Therefore,
the demand for wireless transceivers operating in the 2.4-GHz band has led to ex-
tensive research on the relevant system architectures as well as integrated circuit
designs that implement specific transceiver functions [2—4]. The performance of
such transceivers depends heavily on that of each of the individual blocks. Also,
the quality and range of the communication link is determined by the electrical
performance of the transmitter and receiver [1]. These qualities, as well as the

cost, and the system’s marketability depend on the semiconductor technology and
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design techniques used.

For the receiver front-end, both the Low-Noise Amplifier (LNA) and the mixer
are key circuit blocks in its operation and performance. However, very few works
focus on connecting the single-ended output LNA to the double balanced mixer
without the use of on-chip transformer. Realizing such a connection is one of the
fulfillment for compact implementation of RF applications. In this thesis, the de-
sign of a fully-integrated LNA and a double-balanced mixer on a single chip are

described in detail.

1.1.2 Applications of Narrow-Band Receiver Systems

The traffic growth of audio- and video-based messages has led to the need for in-
creasingly higher data rates for next-generation wireless communication applica-
tions [1]. Cellular telephony and wireless local area networks (WLANSs) are the two
primary directions and in recent years, fully integrated system-on-a-chip (SoC) re-
alization become a major interest in receiver front-end designs while maintaining
low cost [1]. This is the reason that Complementary Metal-Oxide Semiconductor
(CMOS) technology is very popular in RF circuit designs.

The 2.4-GHz narrow-band receiver can also be used in a wide variety of ap-
plications, including industrial control and monitoring, public safety, vehicular
sensor, etc [5]. In addition, one of the largest application areas is for home automa-
tion and networking including wireless mice, keyboards, and radio or television
remote controls [5], as shown in Figure 1.1. The characteristics of such a home
network are shown in Figure 1.2. Note that the typical transceiver range is on the

order of 10-20 m, and the individual channel bandwidths are around 800-900 MHz.
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Figure 1.2: Home network characteristics [5].

Another application of the 2.4-GHz receiver is for use with Bluetooth technol-
ogy such as cell phones, cordless headsets, cameras etc [7], as shown in Figure

1.3 [8]. This technology becomes attractive as low cost and low power, and this
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points to CMOS technology as an important contender [4]. Nowadays, many re-
searchers focus on low-power, highly-integrated, and low cost narrow-band re-
ceiver. In this thesis, we focus on low-power 2.4-GHz narrow-band receiver design

while keep other performance parameters at competitive levels.

“In home/office ,

Figure 1.3: Bluetooth applications [8].

1.2 Ultra-Wideband Communications

1.2.1 Introduction to Ultra-Wideband Systems

In recent years, the rapid inroads that technology has made into our daily lives
was made possible by the continuing evolution of wireless communication sys-
tems. Among the new challenges for the ongoing development of these systems,
are the combined problems of high data transmitting rate, low interference, low

complexity, low cost and low power consumption. One approach is to make use
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of ultra-wideband (UWB) technologies, which have seen much improvement in
recent years.

Ultra-Wideband Communications was first employed by Guglielmo Marconi
in 1901 to transmit Morse code sequences across Atlantic Ocean using spark gap
radio transmitters [9]. Approximately fifty years after Marconi, UWB technology
was applied to impulse radars in military applications and this technology was
restricted to military from 1960s to 1990s. However, ultra-wideband is now ready
for commercial applications because of recent advancements in microprocessors
stemming from the rapid development of semiconductor technology. Therefore, it
is more appropriate to consider UWB as a new name for a long-existing technology
[9].

The FCC has allocated 7.5 GHz bandwidth from 3.1-10.6 GHz frequency range
for ultra-wideband technology [10]. The advantages of the UWB system are the

following;:
¢ High data transmission rate,
¢ simple transceiver architecture and low costs,
e large channel capacity and high performance in multipath channels, and
¢ low signal-to-noise ratio and low power.

UWB technology can be used in radar application, biomedical imaging systems, or

positioning system, etc.
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1.2.2 Applications of Ultra-Wideband Systems

As shown in Figure 1.4, ultra-wideband technology can be used in high data rate
wireless personal area networks, intelligent wireless area networks, as well as sen-
sor, positioning, and identification networks [11]. For example, intelligent wireless
area networks are characterized by a high density of de\}ices in a domestic or of-
fice environment with the main requirements for such devices being that they are

of low cost and have a low power consumption.

Wide area-

e intélligent wireless
2 : area networkA(IWAN)

ngh-data-l;}ate wireless parsonal

aréa network (HDR-WPAN)

Sercor positioning, and
dentification nietwork (SPIN)

Outdoor | eer-{o:peer.
network {OPPN) ==

Figure 1.4: Envisaged scenarios for future UWB radio application [11].

In addition to the above networking applications, UWB technology has also
been developed for biomedical applications. Ultra-wideband imaging systems
have shown promising results for use in early breast cancer detection. Such sys-
tems have been found to have a good detection rate and a low false alarm rate [12].

In this system, wideband pulse is transmitted from an antenna toward the target

6
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area. As the signal propagates through various tissues, reflections occur, and the
backscattered signal can be used to map different layers of the body [12]. Figure
1.5 shows the general idea of this UWB application. A very significant advantage
of this technique is that it is not harmful to the human body and can be easily
repeated. UWB technology can also be used in some portable devices with low

power consumption.

On —

UWB Source

UWB Antenna Target
Transceiver

Figure 1.5: General configuration of a UWB imaging system.

1.3 CMOS Technology

Radio-frequency integrated circuits using Complementary Metal-Oxide Semicon-
ductor (CMOS) technology are developing a strong presence in the commercial
world such as wireless LAN and Bluetooth [13]. The main advantages of using
CMOS for designing RF circuits is that it is high speed, low cost, and allows for a
high level of compact integration on a single chip. This is the reason that CMOS
is commonly used in very large-scale integration (VLSI) technology in which mil-
lions of transistors can be integrated on a single die or chip [14].

Of particular importance to RF designers is the high speed capability of CMOS.
This allows CMOS technology to operate effectively in the GHz frequency range
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[15] with great levels of integration on a single chip while keeping high petfor-
mance and low cost [16]. The current need to exploit such regions of the radio
spectrum, as well as the high signalling rates required by modern digital telecom-

munications, therefore make CMOS a very attractive technology choice.

1.4 Motivation

1.4.1 Narrow-Band Receiver

One important part of the narrow-band receiver front-end is the connection be-
tween the low noise amplifier (LNA) to the double balanced mixer. While there
are severally different ways to realize such a receiver front-end as described in the
current literature, these methods have their own drawbacks when fully-integrated
on a single chip.

For example, one way to realize this front-end is to use a transformer that can
convert the single RF output of the LNA to the differential input of mixer while
another way to do this is to use a narrow-band two stage tuned differential LNA
that can provide a differential output. However, the first approach is not very easy
to implement as integrating an efficient transformer on chip is both difficult and
area intensive, which degrades the performance and increases the cost of the chip.
The second approach obviously requires a differential RF input. In addition, a
two-stage tuned differential LNA has a high power consumption.

To overcome these two issues, we suggest a novel idea that can transform a

single output signal from a single-ended LNA into a differential input signal for
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a double balanced mixer. This scheme also allows all components to be fully-
integrated on a single chip. In this work, we use an NMOS-PMOS pair of devices
as the RF input amplification stage of a standard double balanced mixer, rather
than using a conventional NMOS-NMOS configuration which will be discussed
later in this thesis. This achieves the single-ended LNA to double balanced mixer
connection without the need for an on-chip transformer while also keeping all the

performance characteristics at competitive levels.

1.4.2 Ultra-Wideband LNA

Portable devices are required to operate for extended periods of time without need
to charge or change the battery, a fact which highlights the importance of low-
power circuits [2]. This leads to a major challenge for UWB LNA design. Obvi-
ously, low power consumption requires a low supply voltage. However, reduction
of the supply voltage reduces the circuit’s performance parameters such as the
linearity or gain.

The target of this thesis is to improve the power consumption as well as opti-
mize the overall performance of an ultra-wideband low noise amplifier. In order
to obtain low power dissipation, a 1.2V supply voltage has been selected together
with a reasonable bias voltage to provide a certain DC current. As a result, the
power consumption can be optimized. The UWB LNA design in this thesis is built
as inductive source degeneration cascode structure. Furthermore, the design also
focus on optimizing the overall performance which can be measured using the

figure of merit (FoM).
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1.5 Thesis Organization

This thesis is divided into seven chapters beginning with Chapter 1 (this chapter).

In Chapter 2, a discussion of the fundamental theories of the receiver front-
end is provided including some background information on MOSFET and CMOS
technology, as well as a discription of the desired performance characteristics for
the narrow-band receiver. Furthermore, a review of the literature on narrow-band
receivers and the relevant design targets is also provided.

In Chapter 3, the details of the narrow-band receivers containing narrow-band
low-noise amplifier designs and downconversion double balanced mixer designs
are discussed. The fundamental design theories, performance characteristics, and
design topologies are reviewed and discussed for both LNAs and mixers.

In Chapter 4, the details of ultra-wideband low-noise amplifiers including fun-
damentals theories, performance characteristics, and different design topologies
are explained. A brief literature review and discussion of the design targets for
UWB LNA systems are also presented in this chapter.

Chapter 5 discusses the narrow-band receiver front-end design. The design
theories and circuit implementation process are described. In addition, the sim-
ulation and implementation results are also discussed and compared with other
results found in the published literature.

Chapter 6 describes the ultra-wideband low-noise amplifier design including
the design theories, circuit implementation, simulation results, discussions, as well
as comparisons to other existing published works.

Finally, Chapter 7 presents a summary of the entire thesis. Possible future work

for improving the designs presented in this thesis is also discussed in this chapter.

10



Chapter 2

Narrow-Band Receivers

2.1 Narrow-Band Receiver Fundamentals

The purpose of the receiver system front-end is to receive a relatively weak signal
from an antenna assembly and to perform the initial stages of amplification and
frequency conversion while maintaining a good signal-to-noise ratio (SNR). The
receiver front-end architecture is shown in Figure 2.1 where the input is an RF
signal from the antenna and the output is an intermediate frequency (IF) signal
[17].

The incoming RF signal is first amplified by a low-noise amplifier (LNA) and
then is fed into the mixer stage to produce the IF output. The IF amplifier is de-
signed to amplify the IF output if needed.

The receiver design in this thesis is focused on the narrow-band LNA and the
downconversion double balanced mixer with particular emphasis on the double
balanced Gilbert Mixer design. Normally, an upconversion mixer is used in trans-

mitter design [18-21] while the downconversion mixer is used in receiver circuit.

11
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LO Differential Inputs

Downconversion Mixer

Figure 2.1: Block diagram of the receiver front-end [17].
2.2 Background of CMOS Technology

Complementary Metal-Oxide Semiconductor (CMOS) devices were first introduced
in the mid-1960s, initiating a revolution in the semiconductor industry [22]. The
low cost of fabrication and the possibility of greater improvements to the speed of
MOSFETs have made it the technology of choice for the integrated circuit designs.
A CMOS chip is fabricated with both the NMOS and PMOS transistors instead of
NMOS transistors alone. Figure 2.2 shows a cross-sectional view of a CMOS de-
vice, where the NMOS transistor is implemented directly in the p-type substrate,
and the PMOS transistor is fabricated in a special n region, known as an n well [23].
The two devices are isolated from each other by a thick region of oxide that func-
tions as an insulator [23]. Indeed, CMOS is most widely used of all integrated

circuits and our circuits are based on 0.18-um and 0.13-um CMOS technologies.

2.2.1 MOSFET Fundamentals

The metal-oxide-semiconductor field-effect transistor (MOSFET) is a major type of

semiconductor device. The physical structure for the n-channel type (NMOS) is

12
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Thick SiO,
(isolation)

Figure 2.2: Cross-section of a CMOS integrated circuit [23].

shown in Figure 2.3 [23]. The device has a total of four terminals: the gate (G),
source (5), drain (D), and substrate or body (B).

The value of Vg at which a sufficient number of mobile electrons are induced
in the channel region to form a conducting channel is called the threshold voltage
and is denoted as V; [23]. Normally, the threshold voltage is used to determine
whether the transistor is on or off. For the n-channel MOSFET (NMOS), whose
simplified circuit symbol is shown in Figure 2.4(a), there are three distinct regions

of operation:

e when Vg < V;, the NMOS transistor is in the cutoff region since no current

flows,

e when Vgg > V; and Vps < Vgs — V;, the NMOS transistor is in the triode

13
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Source
region
p-type substrate

(Body) Channel

B region Drain
region

Figure 2.3: 3-D physical structure of the NMOS transistor [23].
region. In this case, the current flowing from drain to source (Ip - Vpg char-
acteristic) is calculated as [23]:

w 1
Ip = ,u’noozf (Vas — Vi)Vps — EVBS , 2.1)

where (., is the mobility of electrons in the n channel, and C,; = %:: is the ox-
ide capacitance per unit gate area. The constant, &, is the permittivity of the
silicon oxide, where ¢,,;, = 3.9¢¢ and ¢ is the permittivity of free space. The

current Ip enters the drain terminal and leaves through the source terminal.

e When Vgg > V; and Vpg > Vs — Vi, the NMOS transistor is in the saturation

region. Current flowing in this operating region is calculated according to
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o
O W2

o
D

72N,

@) (b)
Figure 2.4: (a) Simplified circuit symbol for the n-channel MOSFET (NMOS), and
(b) simplified circuit symbol for the p-channel MOSFET (PMOS) [23].

[23]:
1

I = Gt (Vs — Vi) 22)

In most analog circuit designs, the MOSFET needs to be biased, which means

that the gate-to-source voltage Vg must be fixed in order to provide the desired

DC current Ip. In addition, the MOSFET is normally working in the saturation
region which leads to the DC current Ip, which is calculated using equation (2.2).

When MOSFET is biased, it will provide a transconductance gain g,,, which is

given by [23]:
td

ng—:klw'

Vgs nJ, (VGS - ‘/t)x (23)

where k,, is the process transconductance parameter and is k. = 1nCop [23]. Note

that g, is equal to the slope of the ip - vgg characteristic at the bias point [23]:

_ 8ip
Im = Fvas

(2.4)
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This is the formal definition of g,, which can be shown to yield the expression
given in equation (2.3) [23].
The small-signal equivalent circuit, shown in Figure 2.5, is a very important

tool for analyzing MOSFET circuit. For example, applying this equivalent model

G o—o0 — o D
+
Ves <l 8mVgs
o
S

Figure 2.5: Small-signal equivalent circuit for the MOSFET [23].

to a basic circuit, Figure 2.6(a) can be modeled by its small-signal equivalent cir-
cuit as shown in Figure 2.6(b). Then the circuit performance such as gain, input
impedance, or output impedance can be obtained easily.

To analyze the voltage gain from Figure 2.6(b), it is obvious that

Vo = —gmUgs RL. (2.5)

Furthermore, we know vy, = v;y,, this indicates that the voltage gain is

Yo _ Y __
:l; - Vgo ngL- (26)

Ay
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Rg

(@)
l

lil_.G Re D

O

VinC Vs <l> mVgs § Ry Vo
+ : ls | :
Ry, -

(b)

Figure 2.6: (a) Amplifier Circuit, and (b) small-signal equivalent circuit model.

This model can be applied to further complex circuits that includes more resis-

tances, capacitances, or inductances.

2.2.2 MOSFET High-Frequency Model

The small-signal equivalent circuit of the high-frequency response is shown in Fig-

ure 2.7 [23]. At high frequencies, the internal capacitances in the MOSFET device

17
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become significant and can not be neglected. In fact, this includes four capacitances
Cys, Cya, Csp, and Cgp. However, this becomes quite complex for hand analysis, and
we usually neglect Cy, and Cy, which results in a significant simplification of the

model. The values of these internal capacitances can be calculated as follows [23]

Cea
o | o

Ves Z— Cls l> 8mVes § 7

v o—1

Figure 2.7: MOSFET High-frequency equivalent circuit model [23].

o In the cutoff region:

Cgs = LYgd = 0, (2-7)
Cgb =WLC,, (2.8)
e and in the triode region:
1
Cgs = Cya = EWLOO_T, 2.9)
e and in the saturation region:
2
Cgs = §WLOoz, (2.10)
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Cyq = 0. @2.11)

2.2.3 PMOS Characteristic

The p-channel MOSFET (PMOS), shown in Figure 2.4(b), operates in the same man-
ner as the NMOS device except that vgg and vpg are negative and the threshold
voltage V; is also negative. In addition, the current ip enters the source terminal
and leaves through the drain terminal. Unlike NMOS, it is required that vgg < V;
to turn a PMOS transistor on. Otherwise, the PMOS transistor is off. Therefore, the

two distinct regions when PMOS is on can be described accordingly:

e When vgs < V; or equivalently vgg > |V;] and vps > vgs — V;, the PMOS
transistor is in triode region. The current ip is the same as for NMOS from

equation (2.1), except for replacing p,, with p,,

. w 1
ip = ipCos |(ves — Vi)ups — 5’01235 : (2.12)

where p, is the mobility of holes in the induced p channel. Typically, u, =
0.25 to 0.5u,, which depends on the specific process-technology.

e When vgg < V; and vpg < vgg — V4, the PMOS transistor is in saturation
region. The current ip can be obtained from equation (2.2) by replacing py,
with p,.

i = 5y Coy (vs — Vi) (2.13)

In CMOS technology, PMOS originally dominated MOSFET manufacturing.

However, the NMOS technology has now virtually replaced PMOS due to serveral
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advantages. Usually, the mobility of holes is slower than the mobility of electrons,

which means that NMOS devices are faster.

2.3 Receiver Performance Characteristics

2.3.1 Gain

Normally, voltage gain and power gain can be defined as [23]:

Voltage gain (4,) = %O—,
I

where vo is the output voltage and vy is the input voltage, and

Power gain (4,) = load power (Py)

input power (Pr)
’l)oio
1)]71] !

and can be expressed in decibels (dB) as [23]:

Voltage gain in decibels = 20log|A,|

Vo

= 20log "
i

Power gain in decibels = 10log|A4,|

V010
vrir

= 10log

20

3

(2.14)

(2.15)

(2.16)

(2.17)
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Given iy = % and ip = %%, where Ry, is the input resistance and Ry, is the output

(load) resistance, the input and output power can be obtained as:

PIZUIiIZR—in, (2.18)
Py = vpip = 2 (2.19)
L — OO‘_RL- .

Substituting equations (2.18) and (2.19) in equation (2.17), the power gain in deci-

bels can be reformulated as

v5/ R

P in in decibels = 101
ower gain in decibels og o2

. (2.20)

If we assume the input impedance Ry, is equal to the load impedance Ry, and are
both equal to the source impedance Rs (Rin = Rz = Rg), which is usually 5012,

equation (2.20) can be expressed as:

Power gain in decibels = 10log

v5
vt

Vo
vr

= 20log . (2.21)

This result is the same as equation (2.16). Therefore, under this situation, the volt-
age gain is equal to the power gain when expressed in decibels. This means if a
good input and output matching network is achieved (the input and output resis-

tances are matched), the voltage gain should be equal to the power gain in decibels
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(dB). However, if the input and output resistances are not matched, the relation-

ship between power gain and voltage gain is:

2 2 p.
Power gain in decibels = 10log Z?//gi = 10log Z?gj
= 20log U—O‘—i—l()log %
vr RL
~ o Rin
= Voltage gain in decibels + 101og 7| (2.22)
L

2.3.2 Noise

Noise in transistors is usually generated by the random motions of charges or
charge carriers in devices and materials [24]. In RF front-end circuit designs, the
noise is caused by the small current and voltage fluctuations that are generated

within the devices themselves, and these various sources of noise are [24,25]:

e Thermal Noise, which basically arises due to the random thermally generated
motion of electrons. It occurs in resistive devices and is proportional to the

temperature.

e Shot Noise occurs in all energy barrier junctions, namely, in diodes and bipo-
lar transistors. Actually, it happens whenever a flux of carriers (possessing

potential energy) passes over an energy boundary.

e Flicker Noise or 1/ f noise arises from random trapping of charge at the oxide-

silicon interface of MOS transistors and in some resistive devices.

o Additive Amplitude Noise is described by noise adding to the amplitude of the
desired signal.
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o Additive Phase Noise is the noise adding to the phase of the desired signal.

The most basic type of noise is thermal noise, which is commonly used for noise
estimation in RF circuit designs. For instance, the thermal noise of a resistor ex-
ists even when there is no current flowing through it. It has a flat power spectral

density (PSD) which can be given as follows [25]:

Y _ TR o o—grl 2.23)
Af Af TR 2.

where 7% and ¢* are the mean square noise voltage and current, respectively, k
is the Boltzmann constant, T is the temperature in Kelvin, and Af is the unit of
bandwidth in Hertz. The unit of equation (2.23) is V¢/Hz or A?/Hz.

A parameter called noise figure (NF) is a commonly used method of specifying
the additive noise inherent in a circuit or system [25]. It describes how much the
internal noise of an electronic element degrades the signal-to-noise ratio (SNR)
[25]. Mathematically, the noise figure is defined as [24]

SNRin Sin/Nin

NF = =
SN Rout Sout / N, out

SinN out
SoutNin ’

(2.24)

where Sin, Niy are the input signal power and the input noise power while Sy,
Nyt are the output signal power and the output noise power. In a single stage

model with a power gain G, the NF can be expressed as

N out

NF = .
G Nin

(2.25)
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In an RF receiver, the noise is mainly generated from the source resistance and

the noisy devices which can be modeled as in Figure 2.8 [25].

]vsource_resistance

Noisy —o
Vin Rs two-port network Vout

Figure 2.8: Model used in noise figure calculation [25].

The input noise generated from the source resistance can be modeled as [25]

N; in — N, source._resistance* (226)

Assuming the power gain of this network is G, therefore, the output noise is given
by [25]:

N, out = G - N, source_resistance 1 N, device: (227)

where Ngeyice i the noise from the device at the output of the device. The noise
figure of this network can be obtained by substituting equations (2.26) and (2.27)
into (2.25), which is:

NE G- N, source_resistance T N, device

G - N, source_resistance

N, device / G

N, source_resistance

= 14+ (2.28)
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Denoting Neevice.input = Ndevice/ G, Which means referring the noise to the input of

the device. The noise figure can therefore be expressed as:

N, eivce inpu
NF = 1 4 —_deiveednput (2.29)

Nsource_resistance

Note that this is input referred noise figure. Usually, the expression above is re-
ferred to as the noise factor in linear value, and the relationship between noise

figure in decibels (dB) and the noise factor is [25]:
NFqp = 101og;, (NF). (2.30)

Considering Figure 2.9 where a cascade of noisy stages is shown, each individ-
ual block has an available power gain G;, noise figure NF;, device noise N;, input
noise Ni; and output noise Ny ;, where the letter ¢ denotes the ith stage in the
cascade. Assuming that the source impedance for each stage is the same, since this
assures the input noise Ny, ; is the same at each stage. The overall noise figure (NF)

derivation consists of the following four steps [25]:

Sin Gl ]vin,i Gi N, out,i Gk Sout
I NFl . NFi Iy —— NFk —_—

Nn | N N M | Now

Figure 2.9: Cascade of k£ gain stages, each with noise [25].

1. The overall output signal power can be obtained from multiplying the input
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signal power by the power gain of each stage.

Sout = Sin(G1G2 - -+ Gy). (2.31)

2. From equation (2.25), the noise figure of ith stage is:

Sin,iNout,z' _ (Gl e Gi—l)SinNout,i

NEF; =
Sout;iVinys (G1 -+ G5)SinlNing
o N, out,i
=G Ny (2.32)
and applying equation (2.27), the output noise of ith stage is:
Nouti = Ny + G Nin;. (2.33)

Furthermore, Nin; = N, since we assumed the input noise Ny, ; is the same

at each stage. Substituting this into equation (2.33), we have:
Nouti = N; + G;Nin. (2.34)

Now substituting equation (2.34) into (2.32), yields:

Ni+GiNm N
NE; = GiNm  GyNim

+1 (2.35)

Relating NNV; to NF;, equation (2.35) can be rearranged as:

N; = (NF; — 1)G; Nin. (2.36)
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3. Including all £ stages, the resulting overall output noise can be obtained by

using equation (2.27) iteratively:

Nowt = (Gle < Gk)Nm + Nl(Gz R Gk)

+ NQ(G;; v Gk) + oo+ Ny Gy + Ny. (237)
Substituting equation (2.36) into (2.37), yields:

Now = (G1Gs - - - Gi)Nin  + (NF, — 1)(G1Gy - - - Gi)Nin

+ .. (NF, — 1)GiNin. (2.38)

4. Finally, the total noise figure of the cascaded stages in Figure 2.9 can be ob-
tained by substituting equations (2.31) and (2.38) into (2.24). Therefore, the

overall NF expression is:

NF,—1 NF;—1 NF; —1
NF = NF, + + o
! Gl Gle GIG2‘ "Gk—l

(2.39)

This equation is called the Friis formula. Equation (2.39) clearly indicates that the

overall noise figure is dominated by the first stage of the entire system.

2.3.3 Linearity

In an ideal linear receiver system, the IF output signal is proportional to the RF in-
put signal. However, in reality, there are higher-order non-linearities which results
in intermodulation distortion. Typically, only nonlinearities of the third order and

below are of interest to RF designers. Mathematically, these nonlinearities can be
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represented in terms of third-order polynomial of the form [25]:

y(t) = aus(t) + aps®(t) + azsd(t), (2.40)

where coefficients a, are constants, s(t) is the input signal, and y(¢) is the output
signal.

In order to analyze this distortion, a so called “two-tone” test is applied since
intermodulation arises if more than one tone appears at the input (wg). Therefore,

we assume that two interference signals appear at the input, specified by [25}:

s(t) = A; coswit + Ay coswat, (2.41)

where w; and w, are the angular frequencies of the two interferers. Substituting
equation (2.41) into (2.40), the intermodulation products can be obtained according

to [25]:

y(t) = a1 (A;1coswit+ Aycoswat) + ag (Ag coswit + Ag cos wzt)2

+ ag (Ag coswit + Ag cos wzt)3 . (2.42)

For simplicity and clarity, only third-order intermodulation products are repro-

duced here [25]:

A%A A%A
2wy £ wy M cos(2wy + wo)t + % cos(2w; — ws)t,
A2A A%A
Qwe &+ wy Sas Ay cos(2ws + wq)t + %Tzl cos(2wy —ws)t.  (2.43)
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Normally, the removal of the third order intermodulation products at 2w; — wy
and 2w; — w; requires a filter with very narrow bandwidth. This is impractical
since w; and wy are to close to the desired signal at wyg. To quantify this distor-
tion, the term IM; is defined as the ratio of the amplitude of the third-order inter-
modulation product to the amplitude of the fundamental output signal given by
y(¢) = a1A cos wot. Mathematically, if we assume the amplitudes of the desired and
unwanted signals are the same, A=A;=A,, IM; can be defined as [25]:

%a3A3 — 3%142

IM; = = —
3 OélA 40[1

(2.44)

Now, we will define another performance metric, called the third-order inter-
cept point (IP3), shown in Figure 2.10 [25], where it is the intersection of the ideal
first order and third order curves. Moreover, IIP; stands for Input referred Third-
Order Intercept Point and OIP3 stands for Output referred Third-Order Intercept
Point.

Mathematically, the third-order intercept point, IP; is defined by the relation
[25]:

4

4 (041
Ares = 4 /§ ot (2.46)

If we assume the load is 5012, then the input third-order intercept point (IIP;) is
defined as [25]:

20 log (a1 Arps) = 201og (§a3A?I’P3> ) (2.45)

After solving for Aps, we have:

IIP; = A%, /500Q. (2.47)
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OIP 3 T T T T T\ T
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|
v\'(601og(3/4oc3A)
|
|

|
/ IIP; P,,(dBm)

Figure 2.10: Graphical representation of the input and output referred third-order
intercept points [25].
In turn, we define the output third-order intercept point (OIP;) to be the multipli-
cation of the IIP; by the gain of the fundamental signal, OIP;=IIP5G.

Another useful approximation of the overall IIP; of a cascaded nonlinear stages

system, shown in Figure 2.11, can be expressed as [25]

L, 1L G GG GiGy - - Gy
IIP; IIP;; IIPs, IIPs3 Py,

(2.48)

where G,, is the power gain of the nth stage.
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SO | g, Z0)| @, Zz(f)m Zei®| G | %)

— >
IIP3,1 HP3,2 IIP3,n

Figure 2.11: Cascade of n nonlinear stages, each with gain G [25].

2.3.4 Gain Compression

The nonlinearity of the receiver can cause gain compression, which is defined as a
point at which the output curve drops from the ideal linear curve by 1 dB, and the

point is defined as the 1dB compression point (P,4g), shown in Figure 2.12.

4 20102(A o)

|
1dB Compression Point 20log( Xm)

Figure 2.12: Illustration of the 1dB compression point [25].

From equation (2.40), if a single tone input is applied, which is s(t) = A coswyt,
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the output can be expanded mathematically as:

y(t) = onAcoswyt + apA® cos® wot + az A’ cos® wot

A? A3
= a22 + <a1A+ 3042 ) cos wot

Q{3A3

T a2A2

cos 2wyt + c0s 3wqt. (2.49)

The frequency band of interest is at wy which leads y(t) to become:

3 2
y(t) = (alA + 3aZA > cos wot = <a1 + 3aZA ) A coswyt. (2.50)

Applying the concept of 1dB compression point, P 4s is the point when the gain

drops by 1 dB and it can be represented as the voltage amplitude A;4g, which is

(a1 + —3a3f%d}3>

Rearranging equation (2.51) in decibels, we have:

expressed as:

= o1 |qs — 1dB. (2.51)

dB

2

201og |o +

= 201og |01 | — 201og 1.122. (2.52)

Therefore, solving equation (2.52), the 1dB compression point appears at the volt-

age level A;q4p given by:

041

Aigs = 1/0.145 | =|. (2.53)

a3
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2.4 Narrow-Band Receiver Literature Review

There are many published designs for 2.4 GHz narrow-band receiver front-ends
and these focus on different aspects depending on the perceived demands of the
application. However, this thesis will focus on the issue of how to connect a
narrow-band low-noise amplifier to a double balanced mixer. From the existing
literature, there are two principle approaches to solve this problem.

One possible solution is to design a differential low noise amplifier, which is de-
signed to produce a differential output signal pair. Existing literature [26,27] has
presented such an approach by implementing the differential narrow-band LNA
on-chip. The advantage of this design is that it can produce a differential output
pair which can be used directly by the double balanced mixer. It is relatively sim-
ple to fabricate and presents good performance. One disadvantages however, is
that it requires a differential RF input signal instead of a single input. This creates
difficulties for practical application since normally an RF signal is single input. An-
other disadvantage is that it requires obviously one more stage in the LNA design
since the two symmetric stages can produce two out-of-phase signals (the differen-
tial output pair). Therefore, the differential narrow-band LNA doubles the number
of stages from the original LNA, which consumes twice the power, degrading the
performance of the narrow-band receiver.

Another possible method for implementing a single input narrow-band LNA
followed by a double balanced mixer is to design an on-chip transformer [28].
However, this solution also degrades the performance since many components
need to be added in order to implement an on-chip transformer designed to trans-

late the single RF signal into a differential signal. This results in greater power
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dissipation and increases the physical complexity of the circuit design and fabrica-
tion.

Razavi [29] suggests another narrow-band receiver design that implements a
single RF input narrow-band LNA connected to a single balanced mixer. The sin-
gle balanced mixer requires a single RF input eliminating the problems discussed
previously. However, as will be discussed in Chapter 3, the single balanced mixer
has difficulties to reduce the RF and LO feedthroughs and meanwhile, the gain
is only half that of the double balanced mixer. These disadvantages restrict this
method. As a result, it is not a very popular design strategy in narrow-band re-
ceiver designs.

In summary, the designs discussed above have their own advantages and draw-
backs. The problem of how to connect the narrow-band LNA to the double bal-
anced mixer has therefore, not been satisfactorily solved, and remains a topic of

active research. It is this problem therefore, that is one of the focuses of this thesis.
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Chapter 3

Narrow-Band LNA and Mixer

Theories

3.1 Narrow-Band LNA Fundamentals

The narrow-band low-noise amplifier is normally the first stage of the receiver
front-end. Its function is to amplify the incoming RF signal while minimizing the
amount of noise added to this signal. Therefore, the noise figure is one of the most
important characteristics in an LNA design. Other desirable properties include
high gain, linearity, low input and output return losses, and finally, low power

consumption.
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3.2 Performance of Narrow-Band LNA

3.2.1 Power Gain

Usually, the performance of a low-noise amplifier (LNA) can be measured by mod-
elling the device as a two-port network and calculating the S-parameters. Figure
3.1 is an arbitrary two-port network connected to a source impedance Zg and a
load impedance Z;, [24]. As derived in Chapter 2, the voltage gain is equal to the
power gain if the input and output impedances are matched. This means that if a
good matching network is achieved, than the power gain is almost the same as the

voltage gain. Therefore, the expression for the power gain is derived in terms of S

parameters.
Zs
Two-Port o
v ; V' W Network UU 2% ;
s /| Vi [ S] Ve Z
- ) Vs, -
I S 1 P
FS rin I-‘out I-‘L

Figure 3.1: A two-port network with general source and load impedances [24].

There are generally three types of power gain [24]:

e Power Gain: G = PL /Py, is the ratio of power dissipated in the load Z;, to the
power delivered to the input of the two-port network. This gain is indepen-

dent of Zg, although some active circuits are strongly dependent on Zg.

o Auailable Power Gain: G4 = Puyn/Pays is the ratio of the power available from
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the two-port network to the power available from the source. This assumes
conjugate matching of both the source and the load, and depends on Zg but

not ZL.

e Transducer Power Gain: G = P/ Pas is the ratio of the power delivered to the
load to the power available from the source. This depends on both Zg and

AR

Assuming Zg is the source impedance, Z;, is the load impedance, Z;, is the input
impedance, Z, is the output impedance, and 7, is the characteristic impedance
(normally 50€2). In general, we define I's as the reflection coefficient seen looking

toward the source, and can be shown to be [24]:

Zs — Zy
= ) 3.1
* Zs+ %o )
while I';, is the reflection coefficient seen looking toward the load, which is:
Zr, — 2y
I'y = . .
L Z1+ 2y 62

Applying the definition of S parameter in appendix B to Figure 3.1, we have [24]:

Vim = SuVit + SVt = SuVit + Sil'tVy, (3.3)

Vo = SauVit + SaaVioh = S Vit + Sol' LV, (3.4)

where V;t is the incident wave seen from the input port, V; is the reflected wave

seen from the input port, V;' is the incident wave seen from the output port, and
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V,~ is the reflected wave seen from the output port. Solving for V;~/V;* from equa-
tions (3.3) and (3.4), the reflection coefficient seen looking toward the network

model input is [24]:

= %, (3.5
while the reflection coefficient seen looking toward the output is [24]:
Pout = % = Sp2 + 131_2‘5;,—2111& (3.6)
By the voltage divider rule, V; can be expressed as [24]:
W=VS—ZL=K++%_:%+(1+Pm), (3.7)

Zs + Zin

where Zi, is the input impedance of the network. From equation (3.5), the input

impedance is:

14Ty
T = T (3.8)
Solving for Vit in terms of Vs gives [24]:
Vs (1-T%)
+_vs U—1lg)
W= A STty (39)
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The average power delivered to the network can be obtained as [24]:

1
Po = 5 [V (1= ITuf)

Vs® |1 —Tsf’ 2
1—|Twl), 3.10
while the power delivered to the load is:
vs [ 2
P, = 27, (1—1rL]?). (3.11)

Then, solving for V- from equation (3.4) and substituting into equation (3.11),
gives [24]:
Vi [? [Saa (1 = [T )

270 |1 — Syl
[Vs[® [S21 (1 — [T [*)[1 — T'sf?

. 12
82 |1~ SuTLP|l — TsTml? 312
The power gain can be obtained as [24]:
201 _ 2
o= fo_ [Sa1[*(1 — T [*) (3.13)

Pn (1= |Twl?) |1 = SeTz|*

In our narrow-band LNA design, we use Zg = Z;, = Z; = 50§2. From equations
(3.1)and (3.2), wehaveI's = 0 and I';, = 0. Substituting these values into equations
(3.5) and (3.6), we have:

Ty = Suy = —Zf“ 7 (3.14)
Fout - Szz. (315)
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Since our LNA is well matched (Zin & Zouwt = Zp), the power gain can be redefined

approximately as:
_ B

GPm

|:Sa1 2. (3.16)

Expressing equation (3.16) in decibels (dB), we have:
GdB = 1010g(|821|2) =20 10g(|521|) (317)

The available power gain is [24]:

|Saul*(1 — T's[?)

Gy = , 3.18
4 = SulsP(T — Do) 19
and the transducer power gain is [24]:
201 _ 2\/1 _ 2

|1 — Dglin|?|1 — ST

Again in the hypothetical design, the source impedance is equal to the load impedance
and are both equal to the characteristic impedance, which is normally 50Q2. Then

I's = 'y, = 0, and the transducer gain from equation (3.19) can be reduced to

G = |Sa?. (3.20)

If expressed in decibels (dB), we have:

Grp) = 1010g(|Sa1]*) = 201og(|Sa1]), (3.21)

which is the same as equation (3.17). Therefore, Sp; in dB is commonly used to
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measure the power gain of our LNA.

3.2.2 Noise

From Friis formula, equation (2.39), the overall NF is dominated by the first stage
of a cascaded network. This means that the NF is dominated by the first transistor,
M, in the LNA. Furthermore, we assume that the dominant form of noise in M;
is thermal noise. It follows then, that a convenient method for approximating the
noise figure of a low-noise amplifier is to calculate the overall NF based only on
the dominating noise.

Generally, the noise figure (NF) of the amplifier core is defined as [25]:

— Ndevice + Nin =14 Ndevice

NF
Nin Ny, '’

(3.22)

where Ngevice stands for the input-referred noise from the amplifier, which is mainly
the thermal noise of the first transistor M;. The term N, represents noise at the in-
put side, which is mainly generated from the source resistance Rg. From Chapter

2, the thermal noise of a resistor is [22]:
V? = 4kTR, (3.23)

where £ is the Boltzmann constant and 7" is the temperature in Kelvin, A f is used
to emphasize that 4kT'R is the noise power per unit bandwidth of Af =1 Hz, and
V2 is spectral density of the thermal noise of the resistor in the unit V?/Hz.

The thermal noise current of a MOSFET, as shown in Figure 3.2 [22], can be

modeled by a current source connected between the drain and source terminals.
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This is known as drain current noise, since the most significant thermal noise is

generated in the channel [22].

D
o)

Y

O

S

Figure 3.2: Thermal noise of a MOSFET [22].

The resulting drain current noise of a MOSFET is [30]:
g = 4KT 19200, (3:24)

where gqo is the drain-source conductance at zero Vps. Taking Af = 1 Hz, the
noise expression will be for the noise “power” per unit bandwidth. Furthermore,
for long-channel devices, gy with Vps is equal to g, in saturation and hence, the

spectral density of the thermal noise in the drain current can be obtained as [22]:
I = 4kT g, (3.25)
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where 7 = 2/3 for long-channel transistors. Note that this noise is given as power

spectrum density of noise current in unit A?/Hz.

3.2.3 Linearity

The linearity of a narrow-band low-noise amplifier (LNA) is usually measured by
the input third-order intercept Point IIP;. From equation (2.46) in Chapter 2, if
the amplitudes are the same for both the desired and undesired input signals in a
“two-tone” test, the IIP; can be defined as:
4

IIP3 — '3-

a

) (3.26)

Q3

where coefficients a; and a3 are constants, and they are the first and third order
coefficients in the polynomial approximation of the non-linear characteristic of the

LNA, see equation (2.40) in Chapter 2.

3.2.4 Input and Output Return Loss

The source and load impedances are assumed Rg = Ry, = 50 = Zp. If the input and
output matching networks are not perfect, then from equations (3.14) and (3.15),
we have I'in = S11 and Loyt = Sa,. Therefore, Sj; is defined as the input return loss
while Sy, is defined as the output return loss. Normally both of those quantities

should be below -10 dB in order to achieve good performance.
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3.2.5 Power Dissipation

The power consumption of an LNA can be defined as [25]:
P = IpVpp, (3.27)

where I is the DC current of the LNA circuit and Vpp, is the supply voltage.

3.3 Narrow-Band LNA Topologies

3.3.1 Inductively Source Degenerated LNA

As mentioned previously, noise from resistors is a major factor at the amplifier in-
put stage. Theoretically therefore, we should avoid using resistors in LNA design.
However, it is necessary to build an input matching network in order to optimize
the performance. Therefore, implementing both low noise and input matching is
a key factor of an LNA design. One possible method is to employ the so-called
inductive source degeneration technique, which is widely used in narrow-band
LNA circuit designs.

Inductive source degeneration is implemented by placing an inductor at the
source terminal, shown in Figure 3.3. Such a circuit is referred to as inductively de-
generated common-source amplifier [30]. An important advantage of this method
is that it can create a real input impedance without the use of real resistors.

In order to simplify the analysis and more clearly show the design theory, only
a single MOSEFET transistor with an inductor Lg at the source terminal will be

analyzed here. Its high-frequency small-signal equivalent circuit can be readily

44



M.A.Sc. Thesis - Gefei Zhou McMaster - Electrical and Computer Engineering
D

L

o—

S

Figure 3.3: Inductively source degenerated amplifier.

obtained and is shown in Figure 3.4. In order to calculate the input impedance Z,,
a test voltage and current is applied at the gate terminal.

From the circuit in Figure 3.4, the gate-source voltage is:

‘/gs = Viest — V5. (328)

By applying Kirchhoff’s Current Law (KCL) at the node shown in Figure 3.4, we

obtain:

V;est - VS VS
-1 + gm(‘/test - VS) = E (329)

8Cys
where s = jw = 727 f The test current can be expressed as:

Viest — Vi
fop= 275, (3.30)

sCys
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Lies G D
I o+
Viest C) Ves —_— C gs <l EmVgs
Vs

= | Zn S| ™

KCL at this node
L {

Figure 3.4: Small-signal equivalent circuit of inductively source degenerated am-
plifier.

Rewriting equation (3.30) to express V:

Itest
Vg = [’es - . 31
g fest 5Cys (3:31)
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Substituting equation (3.31) into (3.29), we have:

‘/test - (West - s%t:) +g <V _ (V _ Itest >) _ ‘/test - 'féefs‘
- Clgs m test test s Ogs s LS )

Jrest

@ Itest ‘/test Itest
= + Gm = - :

=7 GG, = 5Ls ~ $°C,Ls

gm-[test ‘/test Itest

I = et

= test + SCgs SLS SzogsLs’
1 gm V;est

= et | =——+1 = et

test (sZC’gSLS +i ngs> sLg

West 1 Im
= =sLg| —+1

Thest sos <SQCgsLS i SCgs ’

West 9m
= Fp=-" =L 1
" Itest 508 <S2CgsLS i SOgs ’
o Zn=sLs+ —— 4 Inls. (3.32)
5Cys Cys

Equation (3.32) shows that there is a real part, %LSS, in the input impedance. There-
fore, this inductive source degeneration method can provide a matching input
impedance without real resistors. Because of this, the inductively source degen-
erated LNA is widely used in receiver front-end designs. The second condition for

truly active matching is w?L,Cys = 1.

3.4 Mixer Fundamentals

A mixer, also known as a frequency converter, is used to translate the signals from
one frequency band to another frequency band, with a certain gain and low distor-
tion. Typically, the conversion is from a Radio Frequency (RF) w, to a desired fre-

quency, normally called the Intermediate Frequency (IF) w;s. There are two types
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of mixers: passive and active. Passive mixers only use the dynamic power of the
REF signal instead from a DC voltage supply. This results in a conversion gain of
less than one (conversion loss). Active mixers, on the other hand, achieve high
conversion gain at the cost of poor linearity (high distortion). These mixers also
dissipates quiescent power due to the requirement for a DC supply. This thesis
focuses on active down-conversion mixers since they are used in receiver part.
The fundamental idea of frequency translation by a mixer is to multiply a local
oscillator (LO) signal at wj, with a radio frequency (RF) signal at w,; and select the
product with the required frequency. In mathematical terms, let the RF signal be
yrf(t) = Ars cos(wrst), and the LO signal be y;,(t) = Ay, cos(wiot). A mixer can thus

be modeled by multiplying these two signals together as shown below:
Y(t) = yrp(t) - Yo(t) = Ary coswyst - Ajp COS WL, (3.33)
which yields [25,31]:

y(t) = A‘I‘f COS wrft . Alo CcOS C()lot,

A AL
= %[cos(wrf — wie)t + cos(wrf + wio)t]. (3.34)

From equation (3.34), it is obvious that two frequency translations of the signal
wys occur. By means of multiplication, the difference (down-conversion) and sum
(up-conversion) between RF and LO frequencies create an output signal whose
amplitude is proportional to RF and LO amplitudes. Therefore, if the LO ampli-
tude is constant (as it usually is), any amplitude modulation in the RF signal is

transferred to the IF signal [30]. In circuit design simulators (in our case, Cadence),
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the RF port and the LO port are used to represent these two distinct inputs. The
RF port simulates the input signal to be converted by the mixer while the LO port
simulates the periodic waveform generated by the local oscillator. The multiplica-
tion function of a mixer is implemented as a switch controlled by the LO signal in
order to mix with the RF signal. Figure 3.5 shows single switch implementation of

a mixer [32].

H‘HH Vioe

Figure 3.5: Simple switch used as mixer [32].

When switch S; is on, the IF output is equal to the RF input. When switch S; is
off, the IF output is zero. Therefore, this operation can be viewed as a form of mixer
because it is a multiplication of the RF signal by a periodic rectangular waveform
(LO signal).

To implement this as an analog CMOS circuit, the LO signal is applied to the
gate of a MOSFET while the RF signal is applied to the source/drain provided that
the device is biased properly. Figure 3.6 illustrates this application using an NMOS
device as a transmission switch.

The LO signal at the gate of the NMOS performs a switching function, which
is ideally a periodic rectangular waveform with a period T}, = 27 /wj,, where w,

is the LO operating frequency, as shown in Figure 3.7. Here, y,(t) denotes the LO
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VLO

Figure 3.6: Implementation of a switch with an NMOS device [32].
signal, y.¢(t) denotes the RF signal, and y;¢(t) denotes the IF signal. The behaviour
of this NMOS implementation should be discussed according to two cases.
Case I: large amplitude (4,,) of LO signal
In this case, we assume Ay, is large enough to switch the NMOS on and off. In
this case, the transistor can be modeled as a periodic rectangular waveform that
switches at frequency wj, with unity amplitude, shown in Figure 3.7. By apply-
ing Fourier series representation to this periodic rectangular signal, y;,(¢) can be

expanded as [25]:

1 2 2
Yo(t) = ) + —cos wie(t) — 37 ©08 Bwio(t) + ... . (3.35)
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Y1o(0)

A

0 ————— t
! Tlozzﬂ:/ W10 !

Figure 3.7: Periodic rectangular waveform of LO signal.

which can be further rearranged as:

1 Ssin (22)
Yio(t) = §+; e cos(nwiot). (3.36)

Substituting into equation (3.33), y(t) can be: shown to be

y(t) = Arpcoswyst [% + SmT(WT)- cos(nwiet) | . (3.37)
2

n=1

If an appropriate bandpass filter is used to filter out those signals at high frequen-

cies, then the desired IF signal y;¢(t) at w;; = w,y — wy, can be obtained [31]:

vir(t) = (%) cos(wyf — wio)t, (3.38)

This is not a function of the amplitude A4, of the large signal, which drives the gate
of the MOSFET. This is a commonly used method for mixer designs as the second

case has a critical drawback.
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Case II: small amplitude (4;,) of LO signal

In this case, yi, is a small signal that can not be described purely in terms of an
on/off switch (1 and 0 in Figure 3.7), while y(¢) is still the same as equation (3.34).
It can be shown that the desired y;;(t) is given by [31]:

A
yir(t) = Ao <Trf> cos(wrf — wio)t, (3.39)

which is a function of A;,. The disadvantage of this is that y;; depends on A,
which creates difficulties in controling the conversion gain G,, since 4y, is gener-

ated outside of the mixers.

3.5 Performance of Active Mixer

3.5.1 Conversion Gain

One important factor of a mixer is the conversion gain (or loss) G.. It is defined as
the IF output signal amplitude A;; (or power Pj;) divided by the RF input signal
amplitude A,; (or power F,;) at their respective centre frequencies [25]. However,
this gain must be carefully defined in order to avoid confusion between voltage
conversion gain and power conversion gain. Typically, power gain and voltage
gain in a mixer are defined as power conversion gain and voltage conversion gain

since the signal is converted from one frequency to another.

¢ Voltage conversion gain of a mixer is defined as the ratio of the rms (root

mean square) voltage of the IF signal to the rms voltage of the RF signal [32].

Vpeak

If a sinusoidal input wave is applied, the rms voltage is Vi, = B
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e Power conversion gain of a mixer is defined as the IF power delivered to the

load divided by the available RF power from the source [32].

The definitions of equations (2.16) and (2.17) in Chapter 2 can be applied to the
conversion gain of a mixer. Therefore, the voltage conversion gain G.(voltage) and

the power conversion gain G.(power) in decibels can be obtained as:

G.(voltage) = 201og Z—O , (3.40)
T
Py volio
G (power) = 10log |=*| = 101og | ——|. (3.41)
P, T vrtr

If the input and output resistances are matched, from equation (2.21), the power

conversion gain is equal to the voltage conversion gain in decibels.

G.(power) = G.(voltage). (3.42)

If they are mismatched however, the relationship between the power conversion

gain and the voltage conversion gain can be expressed from equation (2.22) as

Rin

G.(power) = G,(voltage) + 10log 7
L

. (3.43)

For different types of mixers, the conversion gain is defined and calculated
differently. For example, the conversion gain of unbalanced mixer, single balanced
mixet, or double balanced mixer is different and the details will be discussed later

in section for mixer topologies.
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3.5.2 Noise

The definition of the noise figure (NF) of a mixer is different from that of a Low-
Noise Amplifier (LNA) and needs to be carefully defined and understood since
the distinction is subtle. In a typical mixer, there are two input frequencies, which
are the desired RF signal and the image signal. Both of them will generate the
intermediate frequency (IF) and are normally referred to as sidebands.

As has already been discussed, the IF frequency is the difference between the
RF and LO frequencies. Therefore, signals with equal amount to the IF frequency
which locates above or below LO frequency (w;,) will both produce the IF signal
at the same frequency (w;y). Hence, these two input frequencies are separated by
2w;s centered at wi,. This phenomenon is shown in Figure 3.8.

This leads to two different definitions of the noise figure for a mixer. If the de-
sired signal only exists at the RF frequency, the term noise figure is defined as the
single-sideband noise figure (SSB NF). On the other hand, if the desired signals
exist at both the RF frequency and the image frequency, then the noise figure is
defined as the double-sideband noise figure (DSB NF). However, DSB NF is the
rarer case since the existence of an image frequency complicates noise figure com-
putations. This is because the IF noise originates from both the desired and image
frequencies where there is generally no desired signal at the image frequency [30].

Generally, the DSB noise figure is lower than the SSB noise figure due to a
higher noise power at the input (Ni,). In other words, if the IF noise power for
both sidebands of the input are equal, this leads to an SNR;y, of the case that SSB is
higher than that for the DSB case since the noise power from the input Ny, for SSB

case is lower than that for the DSB. As a result, the SSB noise figure will be higher
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RF and image noise into the IF band [32].

than the DSB noise figure by 3dB if the noise powers of both sidebands are equal.

The noise figure for mixers

tend to be considerably higher than for amplifiers

because noise from frequencies other than at the desired RF can mix down to the

IF [30]. Representative values

for SSB noise figure range from 10dB to 15dB or

more [30]. This is why in most receiver front-end designs, low-noise amplifiers are

required. If the LNA has sufficient gain, then the RF signals can be amplified so

that they are well above the noise levels of the mixer. Therefore, the overall NF

will be dominated by the LNA and the noise effect by the mixer will diminish.
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3.5.3 Linearity

The distortion and linearity of a mixer should be discussed according to two cases:
the low-frequency case and the high-frequency case.

In the low-frequency case, the distortion parameters can be calculated accord-

ing to [25]: o
= % o o4
A2
- B 645
and,
Aps = % (Vas, = Vi), (3.46)

where Vg is the gate to source terminal voltage of the MOSFET transistor M;,
shown in Figure 3.13, and V;, is the threshold voltage of the MOSFET.

In the high-frequency case, the distortion parameters are [25]:

3A2 terf l: 2 j(wl)C’d H
_ interference _ = , 3.47
7 39 (Vas1 — Vi) 32k(Vgs — Vi) (3.47)
where k is defined from MOSFET small-signal equation as following:
.k 2
id = E(Urf - US) ’ (348)

where j(w) is a constant coefficient, and C; is the capacitance parallel to the cur-
rent source Isg due to high-frequency effect. Note that Iss is shown in Figure 3.13.
Note that here we only show the final equations since the detailed derivation

can be found in [25].
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3.5.4 Feedthrough

In some types of mixers (typically un-balanced mixers), the RF and LO compo-
nents appear at the mixer outputs. These undesired signals are called the RF
feedthrough and LO feedthrough. In principle, the double balanced mixer can
eliminate feedthrough, or at least in practice, can minimize feedthrough and thus

improve the mixer performance.

3.5.5 Port-to-Port Isolation

Another desireable characteristic of a mixer is isolation among the RF, LO, and IF
ports in order to minimize interaction. For example, if LO and IF frequencies are
similar, a strong interference signal will appear at the IF output since normally
the LO signal is quite large compared with that of RF signal. Therefore, the LO-
IF isolation is important in order to avoid this out-of-band interaction. However,
a filter stage usually follows the mixer stage and this problem may not be very

important. The undesired signal can be filtered out if good isolation is achieved.

3.6 Mixer Topologies

3.6.1 Unbalanced Mixer

An unbalanced mixer, the simplest type of active mixers, is shown in Figure 3.9
[25]. In this circuit, the transistor M is biased properly in order to convert the RF
voltage signal V,£(t) to RF current signal I,¢(¢). Typically, the RF input is a small
signal which has normally around -30dBm power, shown in Figure 3.10 [31], where
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Ve is the DC bias voltage of transistor M;. Therefore, M; operates as a transcon-
ductance amplifier, which amplifies the RF signal by a certain gain proportional
to the transconductance g,,;. We use g,,; to denote the transconductance of M.
M, and Mj are modeled as LO switches to mix the RF and LO signals. The basic

principle behind this circuit is that:
1. the RF input voltage V,(t) is converted to the RF current signal 7,;(¢) by M,

2. the RF current signal is mixed with the LO signal to create the desired IF
current signal I;;(¢), by switching I,; to flow either through M, or Mj, and
finally,

3. theIF current signal I;;(Z) flows into a resistor R;, and develops the IF output

signal Vi#(¢).

B —2 lm 2w

Vid) M llrf(t)

Figure 3.9: Unbalanced mixer [25].
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Figure 3.10: RF input signal [31].

Considering the DC current Ip¢ flowing through M, the RF current signal,
which is converted from the RF voltage signal is [31]:

Irf(t) = Ipc+ gmATf COS(wat). (349)

From equation (3.36), the LO signal V! (¢) can be obtained as:

1 Xsin (ZZ
Vi) = 5+ E 7;2 ) cos(nwiot), (3.50)
n=1 2
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where VI (¢) is the rectangular waveform, shown in Figure 3.12(a). Then, the mixed

output signal of LO and RF from Figure 3.9 can be expressed as [31]:

Volt) = V,F(®),

= Rp(Ipc+ gmArs cosw,st)

% s i sin (%) cos(nwlot)} . (351)

nw
2
_ R, [(Igc N gmATf;osw,.ft>

n 2

+ (Ipc + gmArf cosw,st) [Z f?_”nEF_T) cos(nwlot)] ] . (3.52)

Using equations (3.35) and (3.36), equation (3.52) can be rewritten as:

I mAr N 21
Vo(t) = RL< 304—9 f;OSU) ft+ be COS Wit
20m A,
+ <%> COS Wy st - COS Wyt + > , (3.53)

where there are no even harmonics (n = 2,4,6...). Analyzing equation (3.53), the

output voltage V, across R;, has the following components:

o the DC component: Ry, (I%),

o the RF feedthrough: R;, <M)
(

e the LO feedthrough: Ry, (222 cosw,t), and

T

o the desired IF signal: Ry, <29"‘—ri) COS Wy £t + COSWyot.

It can be seen that the RF and LO feedthrough appear significant at the output,
which is undesired. Therefore, the drawback of unbalanced mixer is that it creates

RF and LO feedthrough.
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From above, the desired IF signal can be expressed as:
2gm Ay
Vis(t) = Ry, (%) COS Wyt + COS Wiot, (3.54)

which can be further expanded according to equation (3.34) as:

2gmArf
T

Vif(t) = Ry, ( ) %[cos(wrf — wio)t + cos(wy s + wi,)t]. (3.55)

The desired IF signal y;¢(t) at w;y = wy; — wj, can be obtained if an appropriate
bandpass filter is used to filter out high frequency terms. Hence, the expression IF

yif(t) becomes:

29m A\ 1
yzf(t) = RL <%> -i COS(wa - wlo)t, (356)
The amplitude of the IF signal is:
o RL 2gmArf
Ay = 5 ( - , (3.57)

where the amplitude of the RF input signal is A,;. Therefore, the conversion gain

of an unbalanced mixer is given by [31]:

2gmArf
o - Az‘f:&< i )
¢ Ay 2 Ay
_ Imfls (3.58)
™
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3.6.2 Single Balanced Mixer

The single balanced mixer, shown in Figure 3.11, takes differential output signals
instead of single side output signal. It is an improvement over the unbalanced
mixer. The working principle of the single balanced mixer is introduced here in

order to confirm this improvement.

Vop
Ré L Vel éRL

—2o0 oO—e

Vio () ﬁ‘ l[ier(t) Iif_(t)l ’ﬂ Vio ()

1 —

Vi) ﬂi l 1(7)

Figure 3.11: Single balanced mixer [25].

The differential LO signals, V,/(¢) and V; (¢), are 180 degree out of phase as

shown in Figure 3.12. Hence, it can be expressed mathematically as:

Wio

Ve =i (1= ) = (1= ) 3.59)
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Vo' (0 V1o ()
A A
1 1
of —— ; — N
Tio=2ﬂ',/ ®io T10=27l3/ W10

(@)

(b)

Figure 3.12: Differential LO signals: (a) V,}, and (b) V,; [31].

Based on equation (3.50), V; (t) can be obtained as [31]:

Vio (2)

(3.60)

where there are no even (n = 2,4, 6...) RF harmonics. Recall from the expressions

of V;}(¢) in equations (3.51) and (3.52), V;; (t) can be further expanded as [31}:

Vo (®)

1
Ri(Ipc + gmArs cosw,st) {5 — Z

o0 : nw
sin (%)
nw

n 2

cos(nwlot)] , (3.61)

I
Ry, [( DC+

ImArs cOSwy gt >
2

— (Ipc + gmArs coswyst) [Z w cos(nwlot)} :l , (3.62)
n 2

63



M.A Sc. Thesis - Gefei Zhou McMaster - Electrical and Computer Engineering

where V,t(t) is the same as equation (3.52), recall here:

Vi) = Ry [(IDT%——%A”‘ ;08‘”"”>

+ (Ipc + gmArf coswrst) {i smn(%—) Cos(nwlot)” (3.63)

n 2

Since V,(t) is the differential output of two branches, it can be defined as:
Vo(t) = V;5 (1) = Vo~ (B). (3.64)

Substituting equations (3.62) and (3.63) into equation (3.64), the output of a single

balanced mixer can be obtained by [31]:

Volt) = V5(t) =V, (®)

n

= 2Rp(Ipc + gmArs coswyst) [Z 2 cos( nwlot)] (3.65)

Equation (3.65) can be rewritten as:

2 2
Vo(t) = 2Ri(Ipc + gmArs coswyst) {; cos wi(t) — 3, Cos 3wio(t) + ]

= 9R; < 2Ipc
T

Analyzing equation (3.66), there are mainly two terms:

20mAr
coS Wit + (inﬂ—f) CoS wyft + COS Wit + > . (3.66)

o the LO feedthrough: 2Ry, (222 cosw,t), and
o the desired IF signal: 2R, (@) COS wy ¢t + COS Wt

It can be seen that only the LO feedthrough appears at the output as undesired
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signal. The RF feedthrough is removed from the differential output signal. In addi-
tion, even RF harmonics also disappear in the output. However, the LO feedthrough
still exists, which is the drawback of single balanced mixers. Nonetheless, it still
improves the output to remove the RF feedthrough compared to unbalanced mix-
ers.

The desired IF signal is:

20m A,
Vis(t) = 2Ry < g - f) coswy st - COS Wyt

20mArs\ 1
= 2R; (_g__,v) 5[cos(a)rf — wWyo)t + cos(wyf + wio)t]. (3.67)

s

If applying an appropriate bandpass filter to filter out high frequency terms, the

desired IF signal y;¢(t) at w;y = w,y — wi, becomes:

20mArs\ 1
Wf(t) = 2RL (g—ﬂ_i> 5 cos(w,-f e wlo)t. (368)
The amplitude of the IF signal is:
29m A,
Ay =Ry <g—ﬁ——f-> . (3.69)

Therefore, the conversion gain of a single balanced mixer is given by [31]:

2gmArt
G, = Aif :RL< il )
‘ A f A f
= Zmfr (3.70)
i

which doubles the gain of an unbalanced mixer shown in equation (3.58). This is
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another improvement from single balanced mixer to unbalanced mixer.

3.6.3 Double Balanced Mixer

Double balanced mixer, a combination of two single balanced mixers, is typically
called Gilbert mixer, shown in Figure 3.13 [25]. This is the most commonly used

mixer in RF circuit designs and this thesis will focus on it.

" RLé llif+(f) Iif-(t)l éRL
o+ V() — o
o' (9 —%| Eiﬁf:(t) Lf;(r)ll;l }M;’%{ [;lfif.*(t) Iif:(t)l J gs‘
NG
peto 24 lzr;(t) Irf'(t)l;] P2 70
[SS

Figure 3.13: Double balanced mixer [25].

The method to calculate the IF output signal and conversion gain is quite sim-
ilar to that of single balanced mixer. This time, there are two RF differential input

signals, which are 180 degree out of phase, shown in Figure 3.14 [31]. Refereing to
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equation (3.33), if we assume:

Vi (t) = Any cos(wnst), (3.71)
then V£ (¢) can be obtained as:
— . + _ E . 4 . m
Vi) = Vi <t 5 )= Vit oy
-l 2)
= —A,scos(wst). (3.72)
Vit (2) Vee (2)
A A
Vo1 EA-f A \-f -\ —- Vo~ X- ]
I i I [
| | . | | .
0 ¢ 0 ’
Ti=27/ 0 Ti=27/ e
(a) (b)

Figure 3.14: Differential RF input signals: (a) V%, (b) V, [31].

Now instead of calculating the voltage, we will calculate the current at each

branch, shown in Figure 3.13. Referring to equations (3.62) and (3.63), the currents
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from each branch can be obtained as [31]:

Ipc  gmArfcoswyst
It (t) =
) = (B2t
+(Ipc + gmArs coswyst) { _2— cos(nwlot)], (3.73)

_ Ipc . gmArfcoswyst
it = (e s

7L7T

—(Ipc + gmArs coswyst) [Z cos nwlot)} (3.74)

t ) - (IDC _gmAchoswrft>

2 2
—(Ipc — gmArf coswyst) [Z Smn(ﬂ7) cos(nwlot)} , (3.75)
n 2

I;.

 (Ipc  gmArgcoswyst
o - (2 2

+(Ipc — gmArs cOSwyyt) [Z % cos(nwlot)} . (3.76)

n 2

From Figure 3.13, the differential output currents from these four branches can be

summarized as:

LHt) = I () + I (@), (3.77)
Lip(8) = Lz (8) + Lz (D). (3.78)

Substituting equations (3.73), (3.74), (3.75) and (3.76) into equations (3.77) and
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(3.78), the differential output currents can be expressed as:

I;]Q(t) = Ipc + 29m Ay cosw,st Z

o0}
Iz.}(t) = Ipc — 2gmArf coswy st Z
n

n

cos(nwl,,t)

cos(nwi,t)

Therefore, the differential output voltage V, can be obtained as:

Volt)

x
= 4RpgmArscoswyst lz

Ry, - [I5() — I5(t)]

Equation (3.81) can be expanded as:

2 2
Vo(t) = 4RpgmArs cOSwr st {— cos wi,(t) — 3 cos 3wy (t) + ] .
T T

Analyzing equation (3.82), there is only one term:

o the tesired IF signal: 4R, <M) cOS Wy st - COS wyot

cos nwlot)}

(3.79)

(3.80)

(3.81)

(3.82)

It can be seen that the LO feedthrough, the RF feedthrough and even RF har-

monics all disappear from the output signal. This improves the performance com-

pared to a single balanced mixer and an unbalanced mixer.
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The desired IF signal is:

2 mAT
Virt) = 4RL< gﬂ f) COS Wyt + COS Wiot,

20mArs\ 1
= 4Ry (—g-;r———f> §[cos(w,.f — W)t + cos(wy s + wie)t]. (3.83)

If applying an appropriate bandpass filter to filter out high frequency terms, the

desired IF signal y;;(¢) at w;f = w,; — w;, becomes:

20mArs\ 1
Vis(t) = 4Ry, < g - f) 3 cos(wrs — Wio)t- (3.84)
The amplitude of the IF signal is
29m A,
Aip = 2Ry, (%) . (3.85)

Therefore, the conversion gain of a double balanced mixer is given by [31]:

ngArt
G, = 4 _9R —-< 4 )
© Af T AS
- %, (3.86)
m

which doubles the gain of a single balanced mixer shown in equation (3.70). This

is another advantage of using a double balanced mixer.
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Chapter 4

Ultra-Wideband LNA Theories

4,1 Ultra-Wideband LNA Fundamentals

An Ultra-wideband (UWB) low-noise amplifier (LNA) is usually the first stage of
an UWB receiver. As approved by the FCC, the UWB receiver has a 3.1-10.6 GHz
frequency range and so our UWB LNA design will focus on this bandwidth. The
UWB LNA is designed to amplify the weak incoming RF signal without adding
significantly to the noise level. To meet this requirement, the noise figure of a
UWB receiver should normally be less than 7 dB [33]. Recall that the noise fig-
ure is dominated by the noise from the first stage. This emphasizes that the UWB
LNA should minimize the amount of noise added as much as possible. Otherwise,
the following stages will simply amplify this noise along with the signal. There-
fore, a low noise figure is a strict requirement for a UWB LNA, together with the
requirement for as large as possible gain, discussed below.

In addition to the NE the effectiveness of the UWB device is also dependent

upon the requirement of the amplifier to provide a high and flat gain over the
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entire bandwidth of interest. It therefore follows that a good matching network

over this frequency range is also necessary.

4.2 UWB LNA Performance

42,1 Gain

As discussed in Chapter 3, the gain of a narrow-band LNA can be defined in terms
of Sy if the input and output impedances are well matched. This definition is
still valid in ultra-wideband low-noise amplifier design. However, unlike narrow-
band LNA, ultra-wideband LNA needs to achieve a flat gain through the entire 7.5-
GHz bandwidth (normally UWB is defined in 3.1-10.6 GHz frequency range). This
implies that the input and output matching networks need to be well matched over
the entire 7.5-GHz frequency range, while the narrow-band LNA only operates
around a certain single frequency point, at which the matching is relatively easy to
achieve.

Most of the ultra-wideband LNA designs target a flat gain over the entire band-
width. However, this requirement is so stringent that with current semiconductor
technology, other performances metrics such as power or noise figure have to be
sacrificed [34]. Thus, the UWB LNA design is a trade off between all of the perfor-
mance characteristics, so we need to optimize all of the parameters simultaneously.
Therefore, the overall performance of the amplifier is the critical objective.

Usually, the published UWB LNA designs report the gain as G + AG or Gin —
G'max for the entire bandwidth of interest in order to describe both the gain and the

gain flatness. The term AG is used to define the gain flatness. Therefore, our UWB
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LNA design will focus on both the gain and the gain flatness throughout the entire
3.1-10.6 GHz bandwidth.

4.2.2 Noise

We can use the same noise model and method for calculating the noise figure (NF)
for ultra-wideband amplifier as was used for the narrow band case. However, un-
like the narrow band LNA, the UWB LNA needs to have a low noise figure over
the entire bandwidth instead of at one single frequency point. This means that
the NF should be low and flat from 3.1 GHz to 10.6 GHz frequency range. There-
fore, we must focus not only on having low noise figure but also on the flatness
of the NE In addition, different topologies lead to slightly different calculations
for the noise figure. However, a simple method for estimating the noise figure is
to assume that the noise on the source side is mostly thermally generated by the
source resistor Rg. This results in voltage noise power spectral density (PSD) V2,

reproduced from equation (3.23):

V2 = 4kTRsg. (4.1)

The noise in the amplifier, however, is dominated by the thermal noise in the first
MOSFET transistor. Therefore, the noise from the LNA can be primarily charac-
terized by equation (3.25) for the drain current noise PSD, which is reproduced
below:

12 = 4kTygm. (4.2)
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The calculation of the noise figure itself follows equations (4.1) and (4.2). Note that
we need to estimate the noise figure over the entire bandwidth to ensure that it is

reasonable throughout the entire frequency range of interest.

4.2.3 Linearity

Referring to Chapter 3, recall that the linearity of the UWB LNA can be quantified
using the input third-order intercept point, IIP3:
4

IIP; = 3

) (4.3)

(84

However, we usually report only the mid-band frequency IIP; as the linearity does
not vary much over the bandwidth of interest. The mid-band value is therefore,
selected to represent the overall linearity of the UWB LNA. For this thesis, the
objective is to design the UWB LNA for the range of 3.1-10.6 GHz. Therefore, we
will simulate the IIP3 at 6 GHz, which is approximately the mid-band frequency of
the UWB amplifier.

424 Input and Output Return Loss

From Chapter 3, the input and output return losses can be defined according to the
S-parameters S1; and Sy, respectively. The difference in the case of UWB LNAs is
that both S1; and Sy are required to be low over a wide bandwidth instead of just
at a single frequency point. Normally, for a good UWB LNA design, both 5y, and

Sy2 should be below -10 dB over the entire frequency range.
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4.3 UWB LNA Topologies

As discussed earlier, LNA designs involve tradeoffs so that we can not achieve
high performance for all of the desired characteristics at the same time. As a re-
sult, there are several possible ultra-wideband LNA design topologies each with
advantages and drawbacks. Therefore, a topology should be selected depending
on the specific requirements of the LNA. On occasion, a combination of topologies
can also be implemented in order to meet the requirements of an application. In
this thesis, our UWB LNA is implemented using inductively source degenerated

cascode configuration.

4.3.1 Inductively Source Degenerated UWB LNA

As discussed previously, the inductive source degeneration design is widely used
in ultra-wideband low noise amplifier designs as it can achieve relatively good
performance through the entire 3.1-10.6 GHz band. Importantly, it does so using a
simple circuit structure and it is easy to understand on a theoretical basis.
Referring to Figure 3.3 in Chapter 3 and recalling from equation (3.32), the input

impedance can be obtained as:

mL
-I-g S

Zin = sL
in =3 S+SOgs Cys ’

(4.4)

where input impedance can be matched to 50 (%LSS = 5082) without using real
resistors. However, unlike narrow-band LNA, a UWB LNA requires the input

matching over the entire bandwidth.
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One technique used in narrow-band LNAs to act as multi-band LNAs is de-
signed to receive input RF signals at different frequency bands using an inductive
source degeneration configuration [35] and input matching LC network. Extend-
ing this idea to ultra-wideband designs, we can embed the input network of the
amplifier in a multi-section reactive network so that the overall input reactance is
resonting over a wider bandwidth [36]. Proper implementation can be adding on
LC filter in front of the input matching circuit of the MOS transistor stage with

inductive source degeneration feedback, as shown in Figure 4.1.

2" order Chebyshev Input Matching

Filter\ NetwoﬂI
T -
| LI C] }l Lg | :

I 'I I P
—:—mv]—ll :i J_ | ‘M1|
7 |
| I C
RF | D
Input § { L, __LC2:: —l_— !
L
Port C) LT = —: L :
Vbias Zm | S :
| P .

Figure 4.1: Inductive source degeneration technique for UWB LNA.

A three-section Chebyshev Filter is used to control the bandwidth since it can
resonate the reactive part of the input impedance over the whole frequency band
from 3.1 to 10.6 GHz. An inductor L, is added at the gate terminal of the input
MOSFET device M; and a capacitor C, is added between the gate and the source
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terminal of M; in order to improve the performance of the input matching net-

work.

4.3.2 Cascode UWB LNA

The cascode LNA configuration, shown in Figure 4.2, can be used to improve the
input-output reverse isolation due to high output impedance at the drain terminal
of M; [37], and thus, increase the stability of the LNA. In addition, the cascode

structure has the advantage of having a high gain and a wide bandwidth [38].

Figure 4.2: Cascode configuration of transistors that replace M; in the UWB LNA
showin in Figure 4.1.

4.3.3 Feedback UWB LNA

Feedback circuits are widely used in UWB LNA design. The typical design is the
resistive shunt feedback as shown in Figure 4.3. This circuit can achieve good

wideband input and noise matching at the same time, [39, 40].
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::Q

Figure 4.3: Feedback technique for UWB LNA.

4.3.4 Cascade UWB LNA

A high output gain can be achieved by cascading several amplifiers together, as

shown in Figure 4.4. The overall gain of the resulting circuit can be expressed as:

Gina = G- Gy, (4.5)

where G is the gain of the first stage implemented with A and G, is the gain of
the second stage implemented by M,. However, this circuit consumes more power,

a fact that must be weighed against the constraints of the desired application.

4.3.5 Differential UWB LNA

Normally, the LNA is followed by a mixer stage. Most mixers used in UWB sys-
tems are of the double balanced type, having a pair of differential inputs. While
a pair of amplifiers designed to work with a differential structures can be used in

the front-end as per Figure 4.5, this does increase the overall power consumption
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M,
it

Figure 4.4: The amplifiers in a cascade structure.

of the system.

}LNA

Vi () Vo) Veui ) A0

I——F0O—wW-
——C—wW

Figure 4.5: Differential UWB LNA configuration.

4.4 UWB LNA Literature Review

Because of a number of design tradeoffs, it is not possible for all of the performance
characteristics such as gain, noise figure, linearity, or power dissipation to be si-
multaneously optimized. If one of the performance goals is optimized, compro-
mises regarding the other characteristics are impossible to avoid. Some published
designs may optimize particular aspects of the UWB LNA, while other designs

may focus on achieving an overall level of performance for the LNA. Therefore, a
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well thoughtout UWB LNA should be designed depending on the demand of the
particular application being considered.

In [41-43], the UWB LNA designs focus on minimizing the noise figure. In [42],
the LNA is designed using current-reuse configuration and feedback topology for
noise cancellation. In [43], feedback topology is also implemented to cancel the
total noise current by creating different signs of the noise current into one node.
Indeed, applying these techniques can reduce the noise significantly. This is the
main advantage of these designs, which is suitable for some ultra-wideband appli-
cations. However, some other parameters may be compromised simultaneously
such as the gain not being very flat, or the linearity being too low.

Papers [44,45] focus on the high gain UWB LNA design. Paper [44] shows a
two stage cascode structure, which is a combination of cascode and cascade con-
figurations. Clearly, refer to Chapter 4, the gain in this design is very high since a
two stage cascade topology is implemented. However, this high gain is achieved
at high power consumption.

Paper [46] presents UWB LNA with high linearity. Simultaneously, the gain is
reduced since lower gain can definitely provide higher linearity. This design also
consumes large DC power. Therefore, the advantage is its high linearity while the
disadvantages are the low gain and large power dissipation.

In [47], the focus is on low power UWB LNA design. Obviously, the biasing
currents were reduced since the DC currents can not be large if the power con-
sumption needs to be minimized. As a result, the gain can not be high anyhow
since lower drain current results in lower g,, according to equation (2.3). There-

fore, low power UWB LNA design in [47] has the disadvantage of low gain.
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In summary, the designs discussed above have their own advantages and dis-
advantages. It is obvious that the ultra-wideband LNA design is a decision be-
tween all the performance tradeoffs. In other words, the overall performance
should be optimized as much as possible in order to design a competitive UWB

LNA.
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Chapter 5

Narrow-Band Receivers in 0.18-ym

CMOS Technology

Considering the issues relating to the design of narrow-band receiver, a significant
problem is that the receiver amplifier requires either a differential input, or an on-
chip transformer in order to translate the single-ended RF output signal of the LNA

into a differential signal pair as the input of the double balanced mixer.

5.1 Receiver Front-End Design

This chapter focuses on the 2.4 GHz receiver front-end design, shown in Figure 5.1.
The main novel idea of the design is to use one PMOS and one NMOS instead of
two NMOS devices for the RF amplification stage of the double balanced mixer so
that the single RF input signal from the LNA can be translated into two differential
inputs to the mixer.

The basic properties of this block are as follows:
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LO Differential Inputs

Downconversion Mixer

Figure 5.1: Block diagram of designed receiver front-end.

e the RF input frequency is f,; = 2.4 GHz with an input power of £y = —30
dBm,

e the LO input frequency is f;, = 2.1 GHz with an input power of P, = 0 dBm,

and

o the desired IF output frequency is f;; = 300 MHz.

5.1.1 Design Process of Narrow-Band LNA

The narrow-band LNA was designed as an inductively source degenerated cas-
cade structure, shown in Figure 5.2.
This circuit should be constructed in such a way as to realize the following

design objectives:
e to achieve high gain (Sx) at 2.4 GHz,
e to achieve low noise figure (NF) at 2.4 GHz,
e to minimize the input return loss (S1;) and output return loss (Sa;) at 2.4 GHz,

e to optimize the linearity (IIPs), and
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Figure 5.2: Schematic of the inductively source degenerated narrow-band LNA.
e to minimize the power consumption from the given a 1.5 V supply voltage.

In Figure 5.2, the RF signal is provided by the input RF port while the bias
voltage is provided by the voltage source (Vhias1). The capacitor C; is used to block
the DC signal and the inductor L, is used to block the AC signal. The elements
Ly, Ly, Cp, and the NMOS transistor M; build the input matching network of the
LNA, and its small-signal circuit model is shown in Figure 5.3. Referring to the
derivation of equation (3.32) in Chapter 3, the input matching impedance of this

amplifier can be expressed as [36]:

1 ImLis

Fin = —om—— 4 (L + L) + I
i gy Tt 5 e,

6.1)
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Figure 5.3: Small-signal equivalent input matching network of the inductively
source degenerated narrow-band LNA.

Setting the real part of equation (5.1) to be equal to the assumed source resis-
tance of 50 2, we have:

mLs
_ImTs 74 =50, 52
CptC, % (52)

where the input matching is realized for f = 2.4 GHz.

The RF signal enters the second NMOS transistor stage and will be amplified
again due to the function of the cascade structure. The voltage source of Vs is
used to provide the bias voltage of the NMOS transistor (M;) while the capacitors
C} and C;, are designed to block DC signals. The inductor L, and resistor Ry, are
used for matching.

The output matching is not very important since usually the front-end amplifier

is followed by the mixer stage. For measurement purposes, it is usual to use an
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output buffer rather than a matching network.

From Chapter 3, the gain of the LNA can be measured for Sy; and is:

GdB =20 lOg(|S21|) (53)

Also from Chapter 3, the input return loss in defined as Si; while the output return
loss in defined as Sy;. Both Si; and Syy should be under -10 dB, if good LNA

performance is to be achieved.

5.1.2 Design Process of Downconversion Double Balanced Mixer

In order to overcome the difficulties associated with the required differential input
for the double balanced mixer, a novel design idea is introduced so that a single RF
input signal can be translated into two differential signals in the mixer, shown in
Figure 5.4. This modified double balanced mixer requires only a single RF output
signal from the low-noise amplifier (LNA) without on-chip transformer.

In Figure 5.4, transistors M3 and M, are used to transform the input RF voltage
signal into the current signal. Transistors Ms, Mg, M7, and Mg, are designed to
perform the mixing stage and produce the converted intermediate frequency (IF)
output, where the theory of this conversion has been discussed in Chapter 3. Then
the mixer will produce a differential output.

The novel idea of this design is that an NMOS-PMOS pair is implemented as
the RF input amplification stage, shown as M3 and M, transistor pair in Figure 5.4,
rather than using a conventional NMOS-NMOS differential configuration. Nor-

mally, in a standard double balanced mixer, the function of these two transistors
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Figure 5.4: Schematic of the modified double balanced mixer.

is to translate the differential RF input voltage signals into the differential current
signals, a process called V-I conversion. Typically, this stage also performs ampli-
fication as well. In the new design, the NMOS-PMOS pair not only performs V-1
conversion and amplification, but can also translate the single-ended RF input into
a differential signal pair.

The importance of this NMOS-PMOS pair is that it can create a differential

current in two branches of the circuit. Recall from equation (2.2), that the current
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of an NMOS in saturation region is:

1 w
ID = 5.“%0011:'2—7 (VGS - ‘/t)z . (54)

Note that both M3 (NMOS) and M, (PMOS) in Figure 5.4 work in saturation region.
As shown Figure 5.4, when V, increases, Vs of the NMOS (M3) also increases.
Equation (5.4) shows that when Vg is also increasing, (Vas — Vt)z is increasing,
which means that the current Ip is also increasing. On the other hand, when Vg is
decreasing, the current I, is decreasing. Therefore, when V; increases, the voltage
Ves of NMOS increases, resulting in an increasing Ip. The converse is also true.
This means that when the sinusoidal RF input signal is on the increasing half-cycle
(Vi increasing), the current of this NMOS branch is increasing, and when the RF
signal is on the decreasing half-cycle, the current is decreasing.

Recall from equation (2.13), that the current of a PMOS transistor in the satura-
tion region is:

1

144
Ip = 5%(1“—]: (Vas — Vi)2. (5.5)

Equation (5.5) shows that when Vg of the PMOS (M) is increasing, (Vgs — Vt)2 is
increasing, which in turn means that the current I, is also increasing. On the other
hand, when Vg is decreasing, the current I is decreasing which is exactly the
same pattern for the NMOS device. However, from Figure 5.4, when V;; increases,
Ves of PMOS (M,) decreases, leading Ip to decrease, because the voltage at the
source terminal of PMOS is now larger than the voltage at the gate terminal. On the
other hand, when V,; decreases, Vg increases and I, increases as well. Therefore,

when the sinusoidal RF input signal is on the increasing half-cycle, the current of
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this PMOS branch is decreasing while the RF signal is on the decreasing cycle, the
current of this PMOS branch increases. This V-I pattern is the exact opposite of
the one in NMOS branch.

The overall V-1 conversion can be summarized as follows:

e when the RF input signal is increasing, the current in the NMOS branch is

increasing while the current in the PMOS branch is decreasing, and

e when the RF input signal is decreasing, the current in the NMOS branch is

decreasing while the current in the PMOS branch is increasing.

Therefore, these two opposite currents create a differential signal pair, as shown in
Figure 5.5. Thus the pair translates the single-ended RF input signal into a differ-

ential signal pair.

— iy (NMOS)
F— i (PMOS)

Figure 5.5: Ideal differential current signals of NMOS and PMOS branches.

Following the amplification stage, the modified double balanced mixer must be
designed so as to meet the following performance objectives in addition to achiev-

ing its primary task:
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e to achieve high conversion gain (G.) at the IF output,

to achieve a low noise figure (NF) at the IF output,

to optimize the linearity (IIP3),
e to minimize the RF and LO feedthroughs, and

¢ to minimize the power consumption given 1.5 V supply voltage.

Recall from equation (3.86) in Chapter 3, that the gain of double balanced mixer

can be expressed as:

G, = HmBir (5.6)

™

Ideally, g,, and Ry, alone affect the conversion gain. However, in reality, the gain
will be affected by various other factors such as imperfect switching, RF cable loss,
etc. Equation (5.6) shows that if transconductance g,, increases, then the gain also
increases. This also means that the current i of the MOSFET also increases which
results in increased power consumption by the device. Increasing the other param-
eter Ry, will also increase the gain, but at the cost of increasing the level of noise

added by the resistor.

5.1.3 Design Process of Receiver Front-End

The 2.4-GHz receiver in this design includes an low-noise amplifier (LNA) and
a downconversion double balanced mixer, shown in Figure 5.6, where an output
buffer is added for measurements.

The overall performance of the receiver should meet the following objectives:
e high gain at the IF output,
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Figure 5.6: Circuit schematic of the receiver.
¢ low noise figure (NF) at the IF output,
e good linearity (IIP3), and
o low power consumption given a 1.5 V supply voltage.

As we have already designed the 2.4 GHz narrow-band LNA and the down-
conversion double balanced mixer, the overall performance can be obtained by
considering the receiver as a two stage cascaded circuit with the first stage as the
LNA and second stage as the mixer. With this structure, it is easy to obtain the

overall performance figures.
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The total gain of the receiver is:
Greceiver = Gampliﬁer * Gmixer- (57)

where Gieceiver is the gain of the receiver, Gampiiier i the gain of the LNA, and Gixer
is the conversion gain of the mixer. The overall noise figure of the receiver can be

obtained from equation (2.39), which in this case can be expressed as:

NFmixer -1

Greceiver

NFeceiver = NFamplifier -+ (5 8)

where NF,cciver is the noise figure of the receiver, NEampisier is the noise figure of the
LNA, and NF e, is the noise figure of the mixer. The overall IIP; of the receiver

can be obtained from equation (2.48) which results in:

1 ~ 1 Gamph'fier
IIPS,receiver I[PS,ampliﬁer I[PS ,mixer

(5.9)

where IIP; receiver 1S the linearity of the receiver, IIP3  mplisier iS the linearity of the

LNA, and IIP; mixer is the linearity of the mixer. The total power dissipation is:

without output buffer : Pieceiver = Pamplifier + Prmixer (5.10)

with output buffer : Preciver = amplifier T Prixer + Pouffer- (5.11)

where Preceiver is the power consumption of the receiver, Pampiifier is the power con-
sumption of the LNA, Py is the power consumption of the mixer, and R is

the power consumption of the buffer.
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5.2 Circuit Implementation of Receiver Front-End

The design for the receiver front-end is fabricated in TSMC 0.18-um CMOS Tech-
nology. The narrow-band low-noise amplifier is implemented using an inductively
source degenerated cascade structure and the downconversion mixer is imple-
mented according to double balanced configuration with complementary PMOS
and NMOS transistors for the RF signal (path).

In the circuit diagram shown in Figure 5.6, the first stage including M; and M,
is the 2.4 GHz inductively source degenerated cascade narrow-band LNA. The sec-
ond stage including M; - Mj is the downconversion double balanced mixer stage.
The third stage including Mo and My, is the output buffer stage for measurement
purpose.

In 0.18-um CMOS technology in the Cadence software, the width of the MOS-
FET transistor is fixed as 2.5 um, and the finger length is 0.18 zm. As a result, the
only method to control the transistor size is to change the parameter called num-
ber of fingers. This parameter together with bias voltages can be used to generate
proper g, of the MOSFET. And according to the simulator, the values of number
of fingers for all the transistors are shown in Table 5.1.

The theory and function of the LNA and Mixer stage has been discussed before.
In order to perform the function in each stage, all the MOSFET transistors should
be biased properly. Therefore, the biasing voltages in this receiver design are 0.6 V.
In addition, the voltage supplies for all the stages are 1.5 V.

For testing purpose, a dummy load is typically used in order to simulate as
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standard electric load. Mj is used as a dummy load. This is for reasons of sym-
metry, as a single-ended output is used for the purpose of experimental measure-
ments.

The overall system design parameters are listed in Table 5.1, where the finger

width is 2.5 yum and the finger length is 0.18 um for all MOSFET transistors.

M, Number of Fingers = 15
M, Number of Fingers = 10
Ms; Number of Fingers = 50
My Number of Fingers = 110
My — Mg Number of Fingers = 12
My — My Number of Fingers = 100
RF Input Power -30 dBm @ 2.4 GHz
LO Input Power 0dBm @ 2.1 GHz
DC Bias Voltages 0.6V
DC Supply Voltage 1.5V

Table 5.1: Narrow-band receiver design parameters.

The layout of the receiver circuit as designed in the Cadence software suite is
shown in Figure 5.7, and a photomicrograph of the physically implemented ver-

sion is shown in Figure 5.8.

Figure 5.7: Physical layout of narrow-band receiver.
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Figure 5.8: Photomicrograph of narrow-band receiver.

5.3 Simulation Results

The simulations were run in the Cadence software suite using the Spectre RF sim-
ulator package. A 0.18 um CMOS process was used with device models provided
by CMC Microsystems. The simulator includes the narrow-band LNA as well as
the double balanced mixer.

The output of the receiver is simulated using Transient (TRAN) analysis. Figure
5.9 shows the simulation results for an IF output signal appearing at 300 MHz with
a power amplitude of -14.68 dBm. The LO feedthrough appears at 2.1 GHz with
-47.0 dBm power amplitude, and the RF feedthrough appears at 2.4 GHz with a
power of -47.61 dBm. Note that the LO and RF feedthroughs have significantly
lower amplitudes compared to the desired IF output. As mentioned before, the RF
input power is -30 dBm and therefore, the gain is —14.68 — (—30) = 15.32 dBm.
Refer to the schematic of the receiver in Figure 5.6, the results simulated here are
single-ended in order to compare them to the measurement results.

The total gain of the receiver unit is simulated using both Periodic Steady-State
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Figure 5.9: The output of narrow-band receiver.

(PSS) analysis and Periodic Transfer Function (PXF) analysis as provided in Ca-
dence software. Figure 5.10 shows the gain of the receiver circuit at different fre-
quencies. In our design, the RF input frequency is 2.4 GHz, and therefore, the
proper value of the gain should be obtained at this frequency. As marked, the
simulated gain is 18.2dB at 2.4 GHz (input frequency). Note that this result is
obtained from the differential output of double balanced mixer. From theory in
Chapter 3, equations (3.79), (3.80), and (3.81) can be used to show that if the out-
put is single-ended, the output power amplitude is half of the differential output
power amplitude, which implies the single-ended output power is 3 dB less than

the differential output power. Therefore, the gain is also 3 dB less. If we compare
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this differential gain to the single-ended one that we simulated previously, the dif-
ferential gain is 18.2 dB and the single-ended gain is 15.32 dB. This verified that the
differential gain is 3 dB higher than the single-ended value. We will choose 15.32

dB as our simulated gain in order to compare to the experimental result.
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Figure 5.10: The gain of narrow-band receiver.

The overall noise figure (NF) of the receiver is calculated using both Periodic
Steady-State (PSS) analysis and Periodic Noise (PNoise) analysis. Figure 5.11 shows
the noise figure of the circuit. Because the IF output signal is centered at 300 MHz,
this is also the frequency at which I measured the noise figure. As marked, the
simulated NF is 9.99dB at the IF output frequency, 300MHz.

The IIP3 of the receiver is simulated using swept PSS followed by Periodic AC
(PAC) analysis, as shown in Figure 5.12. As described in Chapter 2, a “two-tone”
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Figure 5.11: The noise figure of narrow-band receiver.

test should be applied to evaluate IIP;. In the simulation, a second RF input was
applied at f,y; = 2.375 GHz with the same input power as the desired signal com-
ponent at f,s1 = 2.4 GHz. Note that we use f,s; to denote f,; for the sake of

simplicity in this two tone test. The first order terms of interest will be at:

fin = frpn— fio = 2.4 GHz — 2.1 GHz = 300 MHz, and

firp = frpa— fio = 2.375 GHz — 2.1 GHz = 275 MHz. (5.12)

From equation (2.43), the third order terms of interest can also be obtained as:

2fis1 — firp =2 x 300 MHz — 275 MHz = 325 MHz, and

2fip2 — fin = 2 % 275 MHz — 300 MHz = 250 MHz. (5.13)
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Figure 5.12: IIP3 of narrow-band receiver.

Using the Cadence simulation, the first-order term was chosen to be the 275 MHz
component, and the third-order term was chosen to be the 325 MHz component.
The simulated IIP; was marked and the value was found to be -18.78 dBm.

The power consumption was simulated using DC analysis for a 1.5 V supply
for the receiver circuit. The DC current for the narrow-band LNA is 1.322 mA
which implies the power dissipation of the narrow-band LNA was found to be
1.983 mW, and the DC current of the mixer was 2.393 mA, which implies the power
dissipation of this unit is 3.590mW. In addition, the DC current of the output buffer
is 4.308 mA, which means that the power dissipation of the output buffer is 6.462
mW. Therefore, the overall power consumption of the receiver front-end is 5.573

mW without the output buffer and 12.035 mW with the output buffer. The total
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designed chip area is 2.7x0.77 = 2.08 mm?. The summary of the overall simulation

results is listed in Table 5.2.

Technology 0.18 pm CMOS

Input frequency 24 GHz

Gain (differential) 18.2 dB

Gain (single-ended) 15.3 dB

NF 10dB

1P, -18.8 dBm

Power dissipation (without buffer) 557 mW
Power dissipation (with buffer) 12.0 mW
Chip area 2.08 mm?

Table 5.2: Simulation results of the narrow-band receiver performance.

5.4 Measured Performance

In addition to simulations, the performance of the fabricated receiver circuit, as
shown in Figure 5.8, was also measured in the laboratory. The experimental setup,
equipment, and measurement procedures are discussed in Appendix A. First of
all, we will monitor the DC currents in all the stages including LNA, Mixer, Buffer
stages by Semiconductor Parameter Analyzer and ensure that the DC currents are
reasonable before measuring any values. Then we will start measure the receiver
circuit, where the measured results and comparison to the simulated results are
demonstrated here.

The measured output of the receiver circuit, shown in Figure 5.13, is the original
result obtained from the Spectrum Analyzer. In order to analyze and show the

output result clearly, we export the data from the Spectrum Analyzer to Microsoft
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Office Excel and graph the output, shown in Figure 5.14.

VBH 3 MHz
ile Operation Status, A:\NTRACE047.CSV file saved

Figure 5.13: Measured output of narrow-band receiver from the spectrum analyzer.

All values of the receiver input parameters are obtained from Table 5.1, in
which the input RF power is -30 dBm at 2.4 GHz and the input LO power is 0
dBm at 2.1 GHz. The output result in Figure 5.14 shows that the desired IF output
power is -18.2 dBm. Note that as we discussed in Appendix A, the input losses
can be easily compensated while the output losses can only be compensated man-
ually, which implies we need to add the loss in our output. Using the method
described in Appendix A, the RF cable loss at 300 MHz as measured at the out-

put port was found to be about 1.5 dB. Hence, the actual output IF power should
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Figure 5.14: Measured output of narrow-band receiver from the output data at
Py = —30 dBm.

be —18.2 + 1.5 = —16.7 dB. Therefore, the measured gain of the receiver circuit
is in fact —16.7 — (—30) = 13.3 dB. By comparison, the simulated gain value was
15.32 dB which indicates that the measured gain was about 2 dB lower. However,
the losses from the RF cables, laboratory facilities, pins or pad contacts may not
have been compensated accurately, a fact which will affect the measured output
values. Therefore, a 2 dB difference is acceptable as a measured result. In addition,
the overall gain (13.3 dB) of the receiver is measured from single-end. As we dis-
cussed before, it is 3 dB lower than the gain measured from differential pair, which
implies that the gain should be 13.3 4+ 3 = 16.3 dB if differential output is selected.

The measured noise figure of the fabricated receiver circuit is shown in Figure
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5.15. As marked, the measured NF at 300 MHz (IF output frequncy) is 11.5 dB, and
the simulated vaule is 10 dB. This indicates that the experimental noise figure is 1.5
dB higher than the simulated one which is acceptable considering the loss of 1.5
dB in the cables and that the uncertainties in the behavior of real equipment and

components may affect the measurements.
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Figure 5.15: Measured noise figure of narrow-band receiver.

The measured IIP; is shown in Figure 5.16. This parameter value was mea-
sured as -19 dBm, while the simulation predicted a value of -18.8 dBm. This is a
reasonable result given how close the measured value is to what was predicted by
the theoretical analysis.

Figure 5.14 indicates that the LO feedthrough is -31.7 dBm at 2.1 GHz and the
RF feedthrough is -37.1 dBm at 2.4 GHz. These are values well below the IF out-
put signal power as desired. Furthermore, refer to the theory in Chapter 3, the

feedthroughs can be significantly improved if differential outputs are taken.
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Figure 5.16: Measured IIP; of narrow-band receiver.

The supply voltage is 1.5 V. The measured DC currents are 1.22 mA for the
amplifier stage, 3.27 mA for the mixer, and 4.07 mA for the output buffer. There-
fore, the power consumption of each stage is 1.83 mW, 4.91 mW, and 6.11 mW. The
overall power consumption of the receiver front-end is 6.74 mW without the out-
putbuffer and 12.85 mW with the output buffer. A summary of both the simulated

and measured results is listed in Table 5.3.
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Simulated Measured
Technology 0.18 pm CMOS | 0.18 pm CMOS
Input frequency 2.4 GHz 24 GHz
Gain (differential) 18.2 dB 16.3 dB
Gain (single-ended) 15.3 dB 13.3 dB
NF - 10 dB 11.5dB
IIP3 -18.8 dBm -19 dBm
Power dissipation (without buffer) 557 mW 6.74 mW
Power dissipation (with buffer) 12.0 mW 12.85 mW
Chip area 2.08 mm? 2.08 mm?

Table 5.3: Measured performance of the narrow-band receiver.
5.5 Comparison and Discussion

In order to compare the results with existing published works, a performance met-
ric must be selected that accounts for all the performance parameters under dis-

cussion. Such quantity is called a figure of merit (FoM), and it is defined as:

FoM = 20log(fre) + G + IIP3 — NF — 10log( Pyiss ), (5.14)

where all values are measured in normalized units. The term frr is the input fre-
quency of the RF signal in Hz normalized to 1 Hz, G is the gain of the receiver
in dB normalized to 1 dB, IIP; is the linearity in dBm normalized to 1 dBm, NF is
the noise figure in dB normalized to 1 dB, and Py is the power consumption of
the receiver circuit in mW normalized to 1 mW. Note that FoM is only a value that
estimates the overall performance of the circuit. As long as each individual term
is calculated in the same metric, the differences among each FoM remain the same

since. Therefore, the FoM is only a rough value for the purpose of comparison and
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the unit is not strictly defined.

Table 5.4 shows both the simulated and measured results of our receiver design
as well as comparisons with other recently published work. From Table 5.4, it is
clear that the FoM of the proposed receiver is neither the best nor the worst. It is
essentially average in terms of performance, and it is quite acceptable fo the prac-
tice. This is because the proposed design has its advantages. Note that the form of
the NF we used here is SSB noise figure, which is usually 3dB higher than the DSB
noise figure. In practice, the SSB noise figure should be reported in preference to

the DSB NF, as it is a more meaningful metric.

Tech. | Input | Gain | NF | IIP; Pgiss | Chip | FoM
(um) | Freq. | (dB) | (dB) | (dBm) | (mW) | Area
(GHz) (mm?)
Simulated | 0.18 24 18.2 | 10 -18.8 5.57 2.08 170
Measured | 0.18 24 16.3 | 11.5 -19 6.74 2.08 165
[48] 0.09 2.4 30 18 -22 8.5 3.4 168
[49] 0.18 | 2.44 8 89 | -135 | 2754 | N/A | 169
[50] 0.25 24 145 | 4.8 -18 11.3 1.82 169
[51] 0.13 2.4 125 | 28 21 34 3.3 146
[52] 0.18 24 23 9 -15 4.8 1.6 180
[53] 0.18 24 214 | 139 | -18 6.5 N/A | 169
[54] 0.18 24 204 | 19 | N/A 0.5 0.765 | N/A

Table 5.4: Comparison to other Narrow-Band Receiver Performances.

Because the standard RFE input is single-ended, the receiver front-end usually
requires either a pair of differential inputs to the LNA, or an on-chip transformer
to create the inputs for the double balanced mixer. However, the on-chip trans-
former is relatively hard to realize, requires more circuit area, and has a power

consumption. It also degrades the circuit performance. Therefore, the benefit of
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our receiver design is that it requires only a single RF input signal to provide an
output IF signal. No on-chip transformer is needed, which means that the single
RF output signal can be translated into a differential signal pair without adding
any elements in the circuit.

Overall, as a receiver, our design has the following advantages:

e requires a single-ended RF input without a need of using on-chip trans-

former,
¢ a simple circuit architecture that eases the process of fabrication,
e relatively low power consumption, and

e competitive overall performance compared to other designs

However, there are tradeoffs involved in this receiver design. Because we trans-
late the single-ended RF signal to a set of differential signals, we use a PMOS-
NMOS transistor pair, instead of NMOS differential pair. The mobility of PMOS
transistor is smaller than the mobility of NMOS transistor. Therefore, the PMOS
transistor normally is larger in size and switches more slowly than the NMOS tran-
sistor, a phenomenon that creates an imperfect phase relationship between the two
differential signals at the output of the PMOS-NMOS pair. In addition, the current
amplitude of the PMOS branch is not symmetrical with the NMOS branch due
to the difference in mobility. This may degrade the performance of the mixer if
the bias is not tuned precisely. Depending on what we have simulated and mea-
sured, our receiver works as a normal one and this issue could be solved in the
future since we know the mobility of MOSFETS depends on process-technology
from Chapter 2.
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Chapter 6

UWB LNA in 0.13-um CMOS

Technology

Considering the issues discussed before in Chapter 4, this chapter will focus on
low-power consumption design in biomedical application while optimizing other
performance characteristics at competitive levels of the ultra-wide band (UWB)
low-noise amplifier (LNA).

Based on [36], a simple structure of inductively source degenerated cascode
UWB LNA is introduced. The inductive source degeneration cascode circuit was
introduced earlier as a possible candidate architecture for a UWB LNA design.
However, unlike the original version described in [36], the biasing voltage of the
second MOSFET transistor is connected to supply voltage instead of to another
biasing voltage. The output buffer is implemented in on-chip instead of using a
DC current source, another MOSEET transistor is substituted in.

In a real circuit, the bias voltage input will affect the performance of the RF

circuit. We should, therefore, attempt to minimize the number of bias voltages
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inputs in order to obtain better performance. Therefore, our UWB LNA design

only involves one off-chip biasing voltage, which is connected to the first MOSFET

transistor.

6.1 Design Process and Theory of UWB LNA

The UWB LNA design in this thesis, shown in Figure 6.1, applies the inductive

source degeneration technique in a cascode structure. This configuration is very

simple, yet still yields good performance.
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Figure 6.1: Circuit schematic of ultra-wideband low-noise amplifier.
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The ultra-wideband low-noise amplifier design should optimize the overall

performance according to the following criteria:

¢ wide bandwidth from 3.1 to 10.6 GHz (7.5 GHz frequency range),

e high and flat gain through 3.1-10.6 GHz bandwidth,

¢ low noise figure over the entire bandwidth,

e high linearity through the entire bandwidth,

¢ low input and output return loss through the whole bandwidth, and

¢ low DC power consumption.

In the circuit schematic shown in Figure 6.1, the input matching network is
similar to that used for narrow-band amplifier designed in Chapter 5. The small-
signal equivalent circuit of the matching network can be obtained from Figure 5.3
and refer to equation (5.1). The input impedance for the matching network of the

amplifier is:
1 gmL s

Fio= e 4 §(Ly + L) + =Im
s(CgSJrOp)JFS( + g)+Ogs+Cp

6.1)

This network is designed to ensure the real part of the input impedance Ry, =
dmle =50 0.

In order to extend this technique to the ultra-wideband LNA, we need to add
the input matching network to two filter sections to form a three-section Cheby-
shev filter as shown in Figure 6.2. This filter is used to control the reactive part
of the input impedance over the whole bandwidth because there is a relationship

between the input reflection coefficient and the constant ripple of the Chebyshev

filter.
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Figure 6.2: Circuit schematic of the three-section Chebyshev filter.
The design steps for the UWB matching network are:

1. Convert the requirement for the input matching into the requirement for filter
design. A three-section band-pass Chebyshev filter is suitable due to the
relationship between the input reflection coefficient I" and the in-band ripple

pp and because the Chebyshev filter has constant ripple in the pass-band.

2. Follow standard procedure for filter synthesis [55] of a loss-less symmetri-
cally loaded three-section band-pass Chebyshev filter to find the values of
the ideal filter components such as L;, Ci, Ly, Cy, Cgs + Cp, Ly + L,, and

gmLs_ _
Tty 50 Q.

3. Select proper size and bias voltage of the MOSFET transistor to produce

transconductance g, in order to match the real part of the source impedance

mbls —
M—RS—E)OQ.

4. Change the ideal models of the components to real models and tune the val-
ues in Cadence to achieve a performance close to the design with the ideal

components.
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Details for each design step are given below:

In the first step, the input reflection coefficient I' is related to the in-band ripple

pp by [36]:

1
TP =1- =, (6.2)

Pp
where we choose the input reflection coefficient I' < —10dB over the entire band-
width. Consequently, the value of the ripple p, can be obtained from equation
(6.2). From the pass-band ripple, we can determine the filter ripple parameter ¢ by

the following relationship [55]:

1 1
M=1-—-=1— ——. 6.3
a PRV o= (6.3)

In this way, we translate the input matching design into a design of filter with
requirement for max ripple e.

In the second step, the transfer function of the filter can be determined by the
formula that relates the gain magnitude |A| to the ripple parameter €. The transfer

function of the Chebyshev filter prototype is [55]:

1

) = T oy

(6.4)

where Ty(w) = 1, T1(w) = w and Ty (w) = 2wT}(w) — To(w) = 2w? — 1. Higher order

polynomials can be calculated from the recursion relationship [56]:
Th(w) = 20T, —1(w) — Th—a(w). (6.5)
A(w) is the gain magnitude, T, (w) is the Chebyshev polynomial, and n is the order
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of the Chebyshev filter.
This is the normalized low-pass prototype (Lpp) transfer function. Next we
transform the Lpp to the band-pass filter. A(w) is the transfer function of the nor-

malized low-pass prototype Lpp. The general form of the transfer function of Lpp

is [55]:
e 69
Through the substitution
o= ﬁpz J; w 6.7)

Hy,.(s) is transformed into a band-pass transfer function Hgp(p) with the form

1 + B]_p _I_ B2p2 + . __I_ B2p2m—2 _I_ Blpzm—l +p2m

Hgp(p) = K'p"™ .
wlp) = KPT Ty Arp+ Aop® + - - - 4 Agp?™ 2 4 AypPt + pPm

(6.8)

In our design, we choose the pass-band frequencies as 3.1 and 10.6 GHz which
means low angular frequency is wy, = 27(3.1 x 10%) rad/s and high angular fre-

quency is wy = 2m(10.6 x 10°) rad/s. The parameter of wy can be calculated as [55]:

Wy = /WLWH, (6.9)

and the bandwidth parameter is:

BW = (wg — wp) = 2m(10.6 x 10° — 3.1 x 10%) rad/s. (6.10)

Now substituting wo and BW back to equation (6.7), we obtain the expression of p.
Then, the transfer function of the band-pass filter is determined by substituting p

into equation (6.8). The transfer function is polynomial expressions which means
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we can solve them to obtain the terms of each section. After that, the values of the

inductors and capacitors can be selected according to the following expressions

[55]:
1

Zserie = Lseries + y 6.11
* (p) P pOseries ( )
1
lfparallel (p) = poparallel + 2 ) (612)
Dlrparallel

where Zgeries stands for the impedance of a series combination of an inductor and
a capacitor while Y, stands for the admittance of a parallel combination of
an inductor and a capacitor. Now we can design the three-section (third-order)
Chebyshev filter by following these standard filter design synthesis.

In the third step, we will choose the proper value of gn,. It is generated by
choosing the proper size and bias voltage of MOSFET transistor in Cadence soft-
ware. Therefore, the real part of the input impedance can be matched to 50 2 and
the certain DC current can be determined.

The last step is to change all the ideal components into real components and
tune the values in Cadence. The main purpose is to achieve low power consump-
tion. Meanwhile, other performances are also optimized as much as possible. All
the values of the components are listed in Table 6.1.

The output matching is not very important since usually the front-end LNA is
followed by the mixer stage. However, here, output matching is needed since we
can only simulate the UWB LNA by itself instead of as part of a whole receiver
front-end system. Therefore, an output buffer is added to the circuit for the pur-
poses of measurement within the simulation.

The output performance of the ultra-wideband LNA can be measured and
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quantified in the same manner as for the narrow-band LNA of Chapter 5. How-
ever, the critical parameter in this UWB LNA design is to minimize the power
consumption. The gain should be designed flat and high through the entire band-
width. The noise figure (NF) should also be designed to be flat and low across the
entire bandwidth, as should the input and output return losses. The linearity is
measured by the IIP; value however, should be high while it is desirable that DC
power consumption be as low as possible. The input return loss (57;) and output
return loss (Sy;) should be low and flat over the entire bandwidth. Furthermore,

the DC power should be carefully minimized as well.

6.2 Circuit Implementation of UWB LNA

The the proposed amplifier is designed to be implemented using IBM 0.13-um
CMOS technology and is simulated using the Cadence software suite package.

In Figure 6.1, the NMOS transistors M; and M,, which are built in cascode
configuration and perform the amplification of the incoming RF signals, and the
resistor Ry, and inductor Ly, together with an output buffer built using the NMOS
transistors M3 and My, form an output matching network, which is used for mea-
surement purposes only.

The relevant values of all the circuit elements can be determined from the the-
ories discussed in Chapter 4. In order to make the NMOS transistors M; and M,
work properly, an appropriate biasing voltage should be selected to ensure that
both transistors are working in the saturation region and that they provide a rea-
sonable DC current Ip. Therefore, our biasing voltage is set to be 465 mV. In sum-

mary, the overall design parameters are listed in Table 6.1.
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M W x L =160 pm x 0.13 um
M, W x L =50 pm x 0.13 pm
M3 W x L=48 pm x 0.13 ym
My W x L=48 pm x 0.13 pm
DC Bias Voltages (Vpias) 0.465V
DC Supply Voltage 12V
L 600 pH
Ly 600 pH
Cy 500 fF
Co 300 fF
L, 1.108 nH
Cp 60.02 fF
Ly 401 pH
Ly, 868 pH
Ry, 12220

Table 6.1: UWB LNA design parameters.

The resulting layout, as found using Cadence, is shown in Figure 6.3.

6.3 Simulation Results

The simulations were done using the Spectre RF package from the Cadence soft-

ware suite in 0.13-um CMOS process and the device models were provided by

CMC Microsystems.
All of the performance characteristics except for the IIP; are simulated using

S-Parameter (SP) analysis, the theory of which was discussed in Chapter 4.
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Figure 6.3: Physical layout of the ultra-wideband low-noise amplifier.

6.3.1 Gain

The gain vs. frequency was calculated for a matched input impedance Z, = Zg =
50Q, and an impedance matching output buffer. The resulting gain (S;;) values are
shown in Figure 6.4, where the bandwidth of the designed UWB LNA is 3.1-10.6
GHz.

As marked, the maximum gain value is Gmax = 12.07 dB and the minimum
value is Gmin = 10.27 dB. This indicates that the gain variation of our designed

UWB LNA is Gyariation = Gmax — Gain = 12.07 — 10.27 = 1.8 dB. Meanwhile, the
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Figure 6.4: The gain (S2;) of UWB LNA.

average value of the gain in Figure 6.4 is Gayerage = 11.17 dB. From this, we can
calculate that the gain flatness is AG = £0.9 dB (11.17—-10.27 = 0.9 dB and 11.17 —
12.07 = —0.9 dB).

6.3.2 Noise

Figure 6.5 shows the noise figure over the designed bandwidth. As indicated
on the plot, the minimum value is NF;, = 3.38 dB and the maximum value is
NFn.x = 5.92 dB. Therefore, the noise figure variation is NFyaration = NFmax —
NFpmin = 5.92 — 3.38 = 2.54 dB. In addition, the average noise figure of this UWB
LNA simulation is NF,yerage = 4.65 &+ 1.27 dB.
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Figure 6.5: The noise figure (NF) of the UWB LNA.

6.3.3 Linearity

The simulated ITP; is simulated using Periodic Steady-State (PSS) analysis, at the
mid-band frequency of 6 GHz. The two-tone test was applied and assuming the

desired RF input signal to be f.;1 = 6.0 GHz with another RF signal present at
frf2 = 6.1 GHz. Therefore, the third order terms appeared at

2f7-f2 — frfl = 2x61—-6.0=6.2 GHZ,

2fer — fopz = 2x6.0—6.1=059GHz. (6.13)

In the simulator, we then picked the first order term at 6.0 GHz and third order

term at 6.2 GHz. The simulated IIP; is shown in Figure 6.6 and has a value of -3.81
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Figure 6.6: IIP; of UWB LNA.

6.3.4 Input and Output Return Loss

The input and output return losses are quantified by the two-port parameters Sy,
standing for the input return loss, and Sy, standing for the output return loss. As
marked in Figure 6.7, the value of Sj; is below -10 dB within most of the band-
width. However, when the input frequency is high, the input return loss increases,
although the entire curve is still below -6.66 dB. Meanwhile, the value of Sy, is

always below -10 dB throughout the entire bandwidth of interest.
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Figure 6.7: The input and output return loss (S1; and Sa) of UWB LNA.

6.3.5 Power Consumption

Given a 1.2 V supply voltage, the DC current of the UWB LNA core is 2.345 mA,
and the DC current of the output buffer is 4.714 mA. This implies that the power
consumption of the LNA core is 2.81 mW and the power consumption of the out-
put buffer is 5.66 mW. Therefore, the total power consumption of the LNA can be

summarized as being:
e 2.81 mW without the output buffer,
e 8.47 mW with the output buffer.

The total designed chip area is 0.6 x 0.8 = 0.48 mm? including the on-chip output
buffer and pads, shown in Figure 6.3.
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A summary of the overall simulation results is listed in Table 6.2.

Technology 0.13 pm CMOS
Bandwidth 3.1-10.6 GHz
Gain (S21) 10.27-12.07 dB
NE 3.38-5.92 dB
[P -3.81 dBm
Input return loss 511 <-7 dB
Output return loss Sz, <-10dB
Power dissipation (without buffer) 2.81 mW
Power dissipation (with buffer) 8.47 mW
Chip area 0.48 mm?

Table 6.2: Simulation of UWB LNA Performance.

6.4 Comparison and Discussion

In order to compare the overall performance to other existing works, we need to
define a performance metric for ultra-wideband low noise amplifier. Using equa-
tion (5.14) in Chapter 5, extended over the entire bandwidth, the figure of merit
(FoM) of the UWB LNA can be defined as:

FoM = 2010g(BW) + G + IIP5 — NFayerage — 1010g( Paiss)- (6.14)

where we translate all the values into normalized unit and BW is the bandwidth
in GHz normalized to 1 GHz, G is the gain of the LNA in dB normalized to 1
dB, IIP; is the linearity in dBm normalized to 1 dBm, NF is the noise figure in dB
normalized to 1 dB, and Py, is the power consumption of the UWB LNA circuit

in mW normalized to 1 mW.
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Table 6.3 shows that the FoM of our UWB LNA is much better than that of
other designs published in the literature promissing design. In other words, our
ultra-wideband LNA is definitely dominant among those published works.

The advantages of our design are:

e Fairly simple structure for fabrication and an easy architecture for the pur-

poses of analysis and understanding.

Extremely low power consumption.

A relatively high, flat gain and great flatness of the gain (little gain variation

or small gain ripple).

Large bandwidth according to FCC allocation rules.

Relatively high IIP; at the mid-band frequency.

Small chip area.

The disadvantages of our design are:

e Not a perfect noise figure (NF).

o Relatively high input return loss (S1;).

The primary benefits of this design is that is provides a simple circuit structure,
flat and high gain, as well as a low power dissipation, and a very wide bandwidth.
Normally LNA design involves tradeoffs. If some particular performance criteria
need to be optimized, some others may need to be sacrificed, as there is no way

to optimize every parameter simultaneously. Therefore, knowing what kind of
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CMOS Si1 | Bandwidth Gain NF IIP;2 DC Chip | FoMP
Technology | (dB) (GHz) Sa1 (dB) (dBm) | Power | Area
(pm) (dB) (mW) | (mm?)

This Work 0.13 <7 [ 31-10.6 1103 —-12.1{3.4—5.9| -3.81 2.81 0.48 15.8
[36] STD 0.18 <991 23-92 6.3—9.3 4—92 -6.7 9 1.1 1.73
[36] TW 0.18 <94 24-95 7.4—10.4 42—92 -8.8 9 1.1 0.88

[57] 0.18 <-10 0.4—10 9-124 44—6.5 -6 12 0.42 8.10
[41] 0.18 <-11 | 1.2-11.9 6.7—-9.7 45—-5.1 -6.2 20 0.59 4.78
[58] 0.09 <-10 2—11 9—12 5—6 -4 17 0.7 7.78
[59] 0.18 <9 2—4.6 9.8 23—-5.2 -7 12.6 0.9 -3.65
[60] 0.18 <16 | 0.03-7 7.4—8.6 42—6.2 1.8 9 1.16 11.9
[61] 0.18 <-8 0.6 —22 6.5 —8.1 43—-6.1 | N/JA | . 52 1.35 N/A
[62] 0.18 <8 | 31-106 13.5—16 3.1—-6 -7 11.9 1.2 9.95
[39] 0.18 <-11 | 3.1-10.6 10.9—-12 47—56 -12 10.6 0.67 1.55
[63] 0.18 <-12 3—6 13.5—159 | 4.7—-6.7 -5 59.4 1.1 -4.20
[64] 0.18 <-10 2.7—-9.1 10 3.8—6.9 1 7 157 13.3
[65] 0.18 <-11 3—-5 11414 5.0-—5.3 -9.7 16.4 0.9 -8.28

Table 6.3: Comparison of UWB LNA Performance.

*TIP; is estimated at mid-band frequency.

FoM is calculated using average gain (Ss1) and average noise figure (NF).
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performance we are interested in and then optimizing it without sacrificing other
parameters too much is the key to ultra-wideband LNA design.

From the simulation results, it is obvious that the advantages of the proposed
design outweigh the disadvantages. In other words, we have achieved the desired

UWB LNA performance with some acceptable tradeoffs.
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Chapter 7

Conclusion

7.1 Summary

In this thesis, a new narrow-band receiver front-end containing a narrow-band
low-noise amplifier followed by a downconversion double balanced mixer was
investigated. This investigation included the design, simulation and physical in-
stantiation of the system using TSMC 0.18-um technology. Furthermore, the design
of an ultra-wideband low-noise amplifier was also investigated through Cadence
simulation of the device in IBM 0.13-m CMOS technology.

The narrow-band receiver design was focused on solving the problem of con-
necting a LNA to a double-balanced mixer. In Chapter 5, a novel idea for solving
this problem was proposed in the form of a re-designed mixer. The new double-
balanced mixer needs only a single RF input from the LNA, and does not require
an on-chip transformer. The receiver circuit is designed to operate at 2.4 GHz and
produce the IF output at 300 MHz. The overall measured results are about aver-

age in terms of performance when compared to other published designs. Just as
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importantly however, the new approach solving the LNA-to-mixer connection is
both introduced and verified. The proposed improvements therefore likely aid in
the design of future receivers.

The new ultra-wideband low-noise amplifier discussed in Chapter 6 is designed
to optimize the overall performance with great emphasis on low-power consump-
tion design. This inductively source degenerated UWB LNA is demonstrated in
Chapter 6 through simulation in Cadence. This circuit operates through the en-
tire UWB bandwidth from 3.1 to 10.6 GHz frequency range with good values for
the different performance characteristics, such as gain, flatness, matching, linearity
and noise. The power dissipation of this design is obviously much lower compared
to other designs, and the overall performance of our UWB LNA in terms of FoM
for UWB amplifiers is mostly superior when compared to other published works

as was discussed in Chapter 6.

7.2 Future Work

7.2.1 Narrow-Band Receiver

The main issue to be resolved regarding the new receiver design relates to the
double balanced mixer. Unlike standard mixer designs, we have placed a PMOS
in one of the two circuit branches instead of using an NMOS device in each. As
discussed in Chapter 2, the mobility of PMOS is much smaller than that of NMOS.
This makes it hard to create a perfect differential signal pair due to the slower reac-

tion of the PMOS. One possible solution to this problem is to improve the mobility

127



M.A.Sc. Thesis - Gefei Zhou McMaster - Electrical and Computer Engineering

of PMOS in the CMOS process technology. This is not far-fetched, as new technol-
ogy has already improved the mobility of both PMOS and NMOS [66]. Another
possible solution is that we may sacrifice the mobility of NMOS in order to achieve
better balance without degrading the performances out of competitive levels. As
a result, the mobility of the PMOS is almost equal to the mobility of the NMOS.
For example, we may use a lower technology NMOS such as 0.18-ym and a higher
level PMOS such as 0.13-um to create more balanced differential signal pair. These
could solve the mixer design problem in the future. However, the costs associated

with these solutions will also need to be considered.

7.2.2 Ultra-Wideband Low-Noise Amplifier

The problem with the new ultra-wideband low-noise amplifier design is that its
noise figure is neither very flat nor extremely low. As discribed in Chapter 4, the
noise figure of an amplifier can be significantly improved if a noise canceling tech-
nique [41,42] is applied. In the future, noise canceling methods should be investi-
gated while trying to maintain the other performance measures at almost the same
level.

Another issue to be addressed is that the input return loss is relatively high.
This is because the input matching network was not optimized for input return
loss, as it was designed to optimize gain, noise figure and power dissipation in-
stead. However, this problem could likely be solved by trading off increased
power consumption for a better input return loss.

In summary, the UWB LNA has room for improvement. However, it is impor-

tant to pay attention to the overall performance (the figure of merit) in order to
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decide whether a particular modification is acceptable.
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Appendix A

Experimental Setup

In order to measured the receiver circuit, the following equipments has been se-

lected and used

o The RF and LO signals are generated by Signal Generators. Agilent E4422B
Signal Generator, Agilent 83752A Synthesized Sweeper, and the Anritsu MG3694A

Signal Generator have been used.

o The HP 4145B Semiconductor Parameter Analyzer has been used to provide
the DC voltages and DC biases.

o The Agilent E4440A Spectrum Analyzer has been used to observe the output
IF signal of the DUT.

e The HP 8970B Noise Figure Meter with Ailtech 7616 Noise Source have been

used to measure the noise figure of the Device Under Test (DUT).

o The Anritsu K251 Bias Tees have been used to combine DC and RF signal to

add DC offset to the signal so that the transistors in the circuits were biased
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to work in saturation region.

e The Krytar Double Arrow 180° Hybrid Splitter has been used to produce a
differential signal pair (180 degrees out of phase) for LO inputs of the mixers

from the single-ended signal of signal generators.

o The 12GHz power divider combiner has been used to combine the two sig-
nals from signal generators, where the power combiner is from American

Microwave Corporation.

e Two sets of Multi-Probes from GGB Industries INC are used to connect the
cables to the pads of DUT. The measurements have been carried out on wafer,

using Karl Suss PM8 probe station.

where the circuit condition is that the RF input signal is at 2.4 GHz with -30 dBm
power amplitude, the LO input signal is at 2.1 GHz with 0 dBm power amplitude,
and the IF output is at 300 MHz.

Note that the receiver IF output is single-ended, but not differential. As a re-
sult, we implement another MOSFET which functioned as a dummy load for 50
) matching for symmetric purpose on chip. Therefore, the actual differential out-
put gain should be 3dB higher than the measured one and the actual RF and LO
feedthroughs should be better if differential output is obtained according to the
theory in Chapter 3. Another aspect is the RF cables, Splitter, and Bias Tees losses.
One possible method to compensate the losses is that we connect a Signal Gener-
ator to the RF cables, Splitters, or Bias Tees and then feed them into a Spectrum
Analyzer. Setting the frequency to 2.4 GHz, 2.1 GHz, or 300 MHz, we observed

the certain losses for certain components at different frequencies. For example, we
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only need to test the losses for all the RF input components at 2.4 GHz, test the
losses for all the LO input components at 2.1 GHz, and test the losses for the IF

output components at 300 MHz. Then we have the following conditions

e The RF input cable and Bias Tee has 3 dBm losses for gain measurement and
if the power divider is added for IIP; measurement, the loss is 6 dBm since
power divider has 2 dBm losses and another RF cable needs to be added for
each RF inputs which has 1.6 dBm losses. Meanwhile, all the input losses are

measured at 2.4 GHz.

e The LO input has RF cable losses, Splitter loss, and two Bias Tee losses which

is approximately 4 dBm loss for each of the differential LO input at 2.1 GHz.
e The output RF cable has a 1.5 dBm at 300 MHz

As a result, the input losses are easy to compensate. For instance, if we measure
the gain of the receiver circuit, we can setup the power to be -27 dBm in Signal
Generator if we want the desired actual RF input power to be -30 dBm which com-
pensates the 3 dBm loss due to the input components losses. The same theory can
be applied to the LO input signal. However, at the output, we can simply add the

power loss to whatever outputs we have observed from the Spectrum Analyzer.

A.1 Gain and output Measurement

In order to measure the gain and output of the receiver, we setup the experiment
as shown in figure A.1. The 2.4 GHz RF input signal is from Signal Generator 1.

Then it is fed into a Bias Tee to add necessary DC bias while the original RF input
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signal passes through and flows to the DUT. In addition, Signal Generator 2 is used
to generate the LO input signal at 2.1 GHz and it is connected to an 180° Splitter
which creates a differential signal pair (180 degrees out of phase) of the LO signal.
Then two Bias Tees are used to add DC bias for both signals. All the voltages
sources including DC supply voltages and DC biasing voltages are provided by
the Semiconductor Parameter Analyzer in which the DC currents of each stage of
the receiver have been monitored . The spectrum of IF signal output is read by the
Spectrum Analyzer. The spectrum includes the gain, the RF feedthrough, and the
LO feedthrough.

A.2 TIP3 Measurement

Figure A.2 shows an experimental setup to measure the linearity (IIP3) of the re-
ceiver. All the components in the setup for gain and output measurements are
reused for the two-tone measurement of IIP3, and another Signal Generator 3 and
one power divider are added to combine the RF signal. Signal Generator 3 is used
to produce another RF input signal at frequency close to the original 2.4 GHz in
order to create a two-tone test. The summation of these two RE signals is achieved
by feeding them together into the power divider and hence, the output is the de-
sired summed RF signal with adjacent frequencies. As discussed in chapter 5, the
two-tone test in simulation in Cadence uses two RF signals at 2.4 and 2.375 GHz.
Therefore, the 1% order harmonics are at 300 and 275 MHz and the 3" order har-
monics are at 325 and 250 MHz. Either one in 1% order terms and 3" order terms
will be used to plot the 1* and 3¢ order curves and therefore, the IIP; can be ob-

tained according to the theory in Chapter 2.
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Figure A.1: Experimental Setup for output measurement.

A.3 Noise Figure Measurement

In order to measure the noise figure, a Noise Source and Noise Figure Meter are
added and the experimental setup shown in figure A.3. The Noise Figure Meter
is controlled by entering certain codes. Referring to the manual, we setup the
noise figure measurement using special function 1.4 which is coded to control a
generator to measure the NF of a receiver or mixer with an external LO system, as

shown in figure A.3. Then we setup the conditions for our receiver circuit such as
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Figure A.2: Experimental Setup for IIP; measurement.

LO frequency, LO input power, and IF frequency, etc. A calibration was performed
to compensate the losses in the components used in the setup, e.g. in cables and
bias Tees.

After the calibration, we insert our DUT (receiver circuit) into the measurement
system and the experimental setup is shown in figure A.4. Note that, the external

LO system is controlled by the Noise Figure Meter via System Interface Bus (SIB)

135



M.A.Sc. Thesis - Gefei Zhou McMaster - Electrical and Computer Engineering

Noise Bias
Source Tee

Noise i - Signal
o1se rigure & | Generator

Meter @

Figure A.3: Calibration Setup for noise figure measurement.

which is HP 10833A GPIB cable. The noise figure was measured by selecting “cor-
rected noise figure and gain” function in which the losses have been compensated.
Therefore, the values on the Noise Figure Meter display are the corrected values

for NF and insertion gain of DUT.
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Figure A.4: Experimental Setup for noise figure measurement.
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Appendix B

S-Parameters

Scattering parameters or S-parameters relates the voltage waves incident on the
ports to those reflected from the ports, as shown in figure B.1. The S-parameters
is widely used in microwave and electronic circuit designs for its convenience to

analyze the network especially when the input and output ports are matched nor-

mally to 50 .
s
Two-Port o
a1 Y'— | Network | <~ @,
Vs Port 1 Port2 <z,

by ] ] P— &

(Zo)

(o]
[o]

Figure B.1: Incident and reflected waves of a two-port network [24].

The two port network shown in figure B.1 can be analyzed using its signal flow

graph, shown in figure B.2. The following equations of this two-port network can
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be obtained as [24]:

b1 = Si1a1 + Si20a2, (B.1)
by = Sa1a1 + Sazas, (B.2)

where a;, ay, b1, and b, indicate the amplitudes of the incident and reflected waves.

a1 521 b,
-

Sll S22

- O -
by S, @&

Figure B.2: Signal flow graph of a two-port network [24].

The overall definition of the S-parameters can be defined as [24] if the input

and output ports are matched:

b
Sy = a_l = Input reflection coefficient, (B.3)
1 as=0
b
Spg = = = QOutput reflection coefficient, (B4)
a'2 a1=0
b . .
So1 = a—z— = Forward transmission gain, (B.5)
1 a2=0
b
Sip = a—l = Reverse transmission gain. (B.6)
2 a1=0
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