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Abstract

With the increasing demand of wireless portable, what we want is a low
voltage, low power, small area and low cost devices. Recently, most of the
published papers demonstrated the possibility of CMOS receiver for wireless
communication. However, in most cases, these receivers consume a lot of
power under a high supply voltage (>2.7 V) to maintain a good performance.
With the technology scales down, supply voltage has to be decrease at the
same time to prevent device breakage. This, on the other hand, introduces a
lot of difficulty in low voltage design.

In this thesis, we are going to demonstrate the possibility of designing low
voltage, low power CMOS frontend for Bluetooth application. Two frontend
designs that make use of on-chip inductors and off-chip inductors are
presented for comparison. Both designs are realized in 0.35um CMOS
technology. The first design is a LNA with source degeneration image
rejection filter with the use of on-chip inductors. In this design, we propose a
new technique that can solve the problem of the previous design in terms of
minimum supply voltage, noise and linearity simultaneously. Measurement
result shows that, under a single 1-V supply with a proposed IF of 110MHz
and center frequency of 2.25 GHz, the LNA has a gain of 12 dB, Noise Figure
of 5.1 dB, image rejection ratio of over 50 dB, IIP; of 1 dBm while drawing a
current of 3.6mA.

The second design is a frontend for Bluetooth receiver including LNA, Mixer,
Antialiasing filter and Polyphase Filter. Since the goal of this design is ultra
low power consumption, so off-chip inductors are used to minimize the power
consumption and noise for a given Voltage Gain, IIP3 under a 1-V supply.
Simulation results show a total Voltage gain of 27 dB, Noise Figure of 6.8 dB,
[IP; of —3.9 dBm while drawing a total current of 1.5mA for the whole Frontend
receiver.
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Chapter 1

Introduction

1.1 Background

Wireless communication has been developing fast, especially in the last
decade. A mobile phone, due to its portability, mature technology and thus its
improved performance, shrinking size and reduced cost, is no longer a luxury.
It has already diffused to all level of working groups. As an example, in Hong
Kong, statistically, 1/3 of the population has at least one mobile phone. Such
a large market gives incentive to those who are in the wireless communication
field to research and further improve the performance and decrease the costs.

So, more and more people can afford it.

Nowadays, digital communication is the most favorite. It has many
advantages over analog communication in the past because of its high
performance like noise immunity, easy integration using inexpensive CMOS
technology. However, analog front-end IC is also an indispensable part in
mobile communication as it is the only intermediate stage of wireless
communication that convert digital signal to analog high frequency signal or

vice versa.

At present, GaAs and silicon bipolar and BiCMOS technologies constitute a
major section of the RF market. Because those technologies provide useful
features such as high breakdown voltage, high cutoff frequency, semi-

1
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insulating substrate and high-quality inductors and capacitors. However, they
are still expensive when compared to CMOS technology. Also, using CMOS
can lead to a single chip solution in which RF front-end IC and digital
baseband system can be integrated together, and hence, greatly reduce the

cost. So, CMOS RF became an active research topic recently.

1.2 Challenges

Inspite of its attractions, there are still many difficulties that need to be
overcome for monolithic RF integration. The realization of some RF circuits in
CMOS like LNAs, power amplifiers, image-reject mixers, IF filter, voltage
control oscillators and frequency synthesizers has been demonstrated [1][2],
with comparable performances in terms of power consumption, linearity and
noise for those using GaAs and bipolar technology. Nevertheless, passive on-
chip elements like inductors and resistors have poor quality and suffer from
large process variation. Thus, some of the key components such as LNA,
image-reject filter, IF channel selection filters now used in the mobile phone

are still off-chip.

Among all these components, LNA is the most front-end building block in a
receiver. As termed Low Noise Amplifier, its main feature is low noise as
compared to other building blocks. This is because noise generated in the
LNA may amplify through the mixer, IF filter, VGA and ADC. Along this path,
the signal, as well as the noise may amplify by nearly 80dB-100dB. If the
front-end LNA noise is large, the system performance is greatly affected.
Even if a strong correction code is used in the baseband digital system, the

2
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signal cannot be recovered.

Low supply voltage is another challenge. Differently from the digital system,
which do not consume so much power, the analog front-end IC burn a lot of
power. Thus, it is an advantage to decrease the supply voltage. On the other
hand, low supply voltage introduces more tough restrictions to the design of
analog front-end circuits, especially to the LNA and mixer. For LNA, low
supply voltage may degrade the noise performance, while the mixer, which in
general is designed with stacked transistors, may require some novel

techniques for low supply voltage.

Monolithic is the most challenging task in designing LNA. This is because
LNA extensively uses inductors and capacitors to provide bandpass functions.
However, as mentioned above, monolithic inductors suffer from low Q, which

may degrade the performance.

In this thesis, LNA with low supply voltage and image rejection using CMOS
technology will be explored. Q-enhancement technique will be used to
compensate for the low Q of inductors. Image rejection by source

degeneration is used to realize low supply voltage.

1.3 Thesis overview

The design of LNA and its analysis will be presented in chapter two, where the
topology, Q compensation technique and frequency tuning technique of LNA

will be given and followed by the analysis for the parameters like Gain, Noise,
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Linearity and input matching.

Chapter three talks about the image rejection filter. Layout consideration
including inductor and Switchable capacitor array will be discussed in chapter

four. Measurements setup and results are presented in chapter five.

In chapter six, another project on ultra low voltage CMOS Frontend Receiver

for 2.4GHz Bluetooth system will be discussed. Finally a brief discussion and

conclusion will be drawn in chapter seven.

1.4 Specification

The design of LNA is based on the specification of the Bluetooth version 1.0B

[3]. Bluetooth is a new system for short distance or picocell wireless
applications that operates in the ISM (Industrial Scientific Medicine) band, that
is, the frequency band within 2400 — 2483.5 MHz. It can also be integrated

into most of the other standard systems to enhance the functionality.

To achieve the raw bit error rate (BER) of 0.1%, the actual sensitivity level of—
70dBm or better is required. Considering the minimum sensitivity level of —
70dBm, we can get the blocking signal levels for the bluetooth standard as

shown in figure 1.1.

In our architecture, we choose a single IF of 200MHz. Then we find that the
image frequency is located at 400MHz away from the wanted signal. With a

SNR of 22 dB so that provides less than 0.1% BER, the required image

Chapter one



In-band

> 5
i [v3)
S 5 >
S '
w '
5 3 E
S |
W '
3 5
4 ?
S i
o !
] |
T 3 & _ & & |
2GHz | NG N i 3GHz
246Hz = = S = 2498GHz
N N N N

Figure 1.1 Blocking signals
rejection can be calculated —27dBm — (-70dBm) + 22dB = 81 dB. The choice
of SNR 22 dB is due to the fact that, typically, Bluetooth is used for indoor
application, where multipath fading channel is a significant factor that affects
the performance of the system. If in-phase (I) & quadrature—phase (Q)
channels are employed in the system, typically, the architecture can provide
about 35-40dB of image rejection. Thus, assuming the worse case of 30dB
image rejection offered by the I & Q channels architecture, the remaining 51

dB of image rejection is still required.

Noise in the system is another important factor that affects the whole system.
Given the minimum requirement of —70dBm sensitivity, we can find out that
the maximum noise figure (NF) is given by:

P

in,min

= ~174dBm/ Hz+ NF +10logB, + S\NR .

NF = 22dB
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where —174dBm/Hz is the source resistance noise power of a 500hm system,
Bc is the bandwidth, which is 1MHz for Bluetooth system, and SNR is
calculated according to the BFSK modulation with a given error rate of 0.1%

Since the above specifications are aimed to the system as a whole, the
specifications for LNA need some modification. From [4], requirement of LNA

is presented as shown in Table 1.1:

Parameters Requirements
Gain 15dB
Noise Figure (NF) 2dB
Linearity (11P3) -10dBm
Input and Output return loss (S11) -15dB
Reverse Isolation (S21) -20dB

Table 1.1: Specification of general LNA

To meet the requirement of Bluetooth system and with some features added
to the LNA, some specifications are modified as shown in Table 1.2. For
example, due to high maximum allowable system noise figure of 23 dB, the

noise figure from the LNA can be higher to trade off the power consumption.

Parameters Requirements
Gain ~15-20dB
Noise Figure (NF) <6dB
Linearity (I11P3) >-10dBm
Image Rejection > 43dB

Table 1.2: Modified specification for LNA
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Chapter 2

Design of Low Noise Amplifier (LNA)

2.1 Introduction

In almost all wireless receivers, Low Noise Amplifier (LNA) is the most
challenging block. This is because we need the least number of elements to
achieve low noise, and however optimize most of the parameters
simultaneously. With the emphasis on using on-chip low-Q inductors,
designing LNA becomes stringent in terms of gain, noise and power
consumption. Besides LNA, image rejection filter for out of band image is
another important building block in a receiver. With the increasing demand for
monolithic integration, on-chip image rejection filter becomes indispensable

for system-on-a-chip.

As the process scales down, new design techniques have to be developed to
support low voltage design. Also, power consumption is another
consideration for portable device. In this chapter, we will explore and design
LNA that is suitable for low-voltage low-power application, together with the Q-
compensation circuit and frequency tuning circuit. Finally, Pre-simulation

results of the LNA will be presented.
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2.2 Design of LNA

2.2.1 Topology of LNA

Basically, we can characterize LNA into two types: Common source or

common gate, as shown in Figure 2.1.

RF input
— :

— RF input T

Figure 2.1: Common source and common gate configurations

1/Gm

Both configurations have their advantages and disadvantages. For the
common gate configuration, its advantage is robust and easy to use.
However, in almost all cases, 50-Ohm matching is required for best

performance. One possible solution is to design the transconductance of the

device such that Gi =50, which means G, = 20mS. Such a large G, means

m
a higher power consumption is needed for a given process. The other method
is to use transformer as described in [1] to relax the Gn requirement.
However, such method is not easy to achieve with on-chip inductor for

standard CMOS processes, as its Q factor is not high enough.

On the other hand, given the same noise requirement, the common source
configuration can work with low G, which means lower power consumption,
as compared to common gate configuration. In addition, isolation is much
better for the common source one due to small parasitic capacitance Cgygq.

Also, 50-Ohm real part can be achieved using inductive degeneration for the
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, : G.L .
common source configuration due to the term —™—=, where Ls is the
s

inductance connected to the source and Cgys is the gate-source capacitance.
We can increase Ls or decrease Cg to get 50-Ohm real part without
increasing G,. We will elaborate more on input matching later in this chapter.
Thus, common source configuration is chosen in our design with the

consideration of using on-chip inductor.

2.2.2 Design of LNA

Figure 2.2 shows the complete schematic of LNA.

Lout
. LNA output
[¢]
RF input Y # #
(" (] NegativeGm
Ls - - cell

Figure 2.2: Complete schematic of LNA
As stated at the beginning, LNA should be kept as simple as possible to
minimize the noise figure. Actually, many recently reported LNA use cascode
configuration [2][3] for high gain without degradation of linearity and high
reverse isolation for a given power budget. However, under low supply
voltage, say 1V, stacked transistor should be avoided to offer more headroom
and hence improve the linearity. Although the isolation is degraded. Some
use differential configuration for either its better common mode noise rejection
or linearity. On the other hand, power consumption has to be doubled for the

same noise figure. Thus, a single-ended, single device LNA is chosen.

10
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Ly and Ls, together with Cy4s of the NMOS form a 50-Ohm matching. Details of
input matching will be discussed further in this chapter. In our design, Lg is
supposed to be done off-chip. This is because, if it is totally done on-chip, the
thermal noise due to the low-Q inductor will be directly added to the total noise
without suppression. For example, in our case, the designed value is to be
12nH such that it matches at 2.4GHz. Further assume the Q of the on-chip
inductor is around 3. Then the series resistance of the on-chip inductor can

wL, 21l _
be found by R, =——=——=60.3. In a 50-Ohm system, the total noise

Q Q
figure due to that resistance only is already 3.4dB. Also, if we consider the
final package, the LNA input has to be bonded out with wire, which can be

part of inductance. Thus, off-chip inductor is used for L.

On the other hand, on-chip Ls can be used, as the inductance is not large
enough to contribute much to the noise figure. Also, small inductance may

not degrade the total gain of LNA due to degeneration. However, since 50-

Ohm matching is done by Gnls (suppose the imaginary part is zero at
s

2.4GHz), small Ls means small Cgs or large Gy, to maintain a 50() real part.

So, next step is to design the NMOS transistor.

For Giga-hertz range operation, the transistor size has to be kept small such

that the transition frequency w,is high enough as compared to the desired

frequency. This can be easily explained as follows:

u
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/Zl-'lncoxVVId
= gm = L 3 2I-'lncoxld 1

W =
/VVLZ

t Cgs MLCOX - E
3

So, in general, the minimum channel length is used with a large device width
to increase the transconductance and hence improve the noise figure while

keeping w, as high as possible. However, it has been proven that minimum

channel length will increase the total noise by 2~3 times due to the short

channel effect. One way to overcome this problem is to inject more current lq

into the device that the transconductance (gma\/E) is large enough for low

noise. This is about trading off the power consumption for low noise. [4]
reported, for a given frequency, an optimized device width can be found with
the use of minimum channel length that can fulfill noise and power
consideration simultaneously, provided that the power is not extremely low.
Measured data shows a 3.4 dB noise figure with a power dissipation of 30mW

under a 1.5V supply.

However, with the emphasis on low power consumption, it is not suitable to
use the minimum channel length by increasing power dissipation for low
noise. As suggested in [5], 1.5~2 times of the minimum channel length can
be considered long channel, or the short channel effect is not severe enough
that it might not increase the noise by 2 to 3 times, without increasing the
power dissipation. In our case, 1.5 times the minimum channel length is used

(0.6um).

So far we always emphasize that the size of the transistor affects the

12
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performance of LNA. However, what size of transistor can give the highest
performance? Optimization has been made for Noise Figure, 1IP; and Input
Reflection Coefficient (S11). Before figuring out the most optimized device
size, let us make some assumptions:
1. Fixed current of 1.2mA into the device: Such a power consumption is
low enough for the power budget
2. Fixed Voltage Gain (~20 dB)
3. Negative G, circuit is removed so that the non-linearity effect is only due
to the input device only

4. As stated before, a constant channel length of 0.6 # m is used to ignore

the noise due to short channel effect
5. For all cases of width, input is supposed to be matched and resonates at
2.4Ghz. To be consistent, Ls for input matching is kept the same for all
cases and Q of 3 is used. Lg4 is varied for the matching network to
resonate at 2.4Ghz and its Q is assumed to be 15
Figure 2.3 shows the simulated [IP3, Noise Figure and S;; versus the device

size.

As expected, increasing device size can help improved NF as the total
transconductance increases. On the other hand, 1IP; degrades with

increasing device width due to the increase of the aspect ratio.

13
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Performance of single device LNA versus device size
20 T T

—- IP3
*- NF
— : + 8§11
10 B : .
S |
% + .
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Width/um

Figure 2.3: Performance of single LNA versus device width

Thus, it can be easily found that the most optimized device width is
somewhere around 125um. The corresponding IIP 3, NF and Sy; are 7.7 dBm,

1.82 dB and —30.5 dB respectively.

Another advantage of the above size is its Q in the matching network. For the
common source configuration, we can find that the Q of the input reactive
network is given by:

-1
2R.C,W

Q
where Rs is the source resistance and is equal to 50 ohm, Cgs is the gate-
source capacitance of the input device and wis the frequency of interest.

Based on the size we have chosen, the Q value is 2.46. Such a low value

makes the circuit to less sensitive to parasitic.

14
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Gain is another important parameter when designing LNA. Referring to

Figure 2.2, it can be easily found that the gain of the LNA is given by:

— ngout 2 1
A i, L @
where gn is the transconductance of the MOS and Ry, is the output

resistance looking into the output node of the LNA.

Ls
Rs

Figure 2.4: Seriesto parallel transformation
Suppose the output resistance due to NMOS is high enough that it can be
neglected, and the output LC tank is designed to resonate at 2.4 Ghz.
Remember with a low-Q on-chip inductor, the series resistance can be

transformed to parallel resistance as shown in Figure 2.4, the corresponding
: o WL, ) . .
parallel resistance Ry is given by R, :T(1+Q ), where Q is the quality

factor of the inductor Loy,.. Thus, (2.1) can be rewritten to:

Civl 0

A\/ — Im G out (1+Q2)D (22)
1+sg,L 0 Q O

Assume the Q is fixed, increasing Loy, can improve the gain without burning

more power. However, increasing Lo means a smaller output capacitance

Cout parallel to the output inductor for resonance at desired frequency. In this

case, the center frequency may be highly sensitive to a small change of total

output capacitance. Nevertheless, a large Loy has an additional advantage

for the Q-compensation circuit, which will be discussed in the following
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section. Also, a frequency-tuning circuit can be added to deal with this

problem, as explained later.
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2.2.3 Design of Q-compensation circuit

The main problem caused by the on-chip inductors is due to their low quality
factor. Due to process limitation, Q value below 10 is always the case.
Specifically, for digital CMOS process, its Q value can be low ranging from 2
to 4. Except for wideband application, this value is not adequate to provide a
narrow bandpass function. Let us consider the outputimpedance as shown in

Figure 2.5.

Zout
Cp L Lp Rp Zp

Figure 2.5: Output impedance of the LNA
Suppose the LC tank (C, and Lp) is designed to resonate at the desired
frequency. Due to low Q inductor, R, becomes a finite value and thus cannot
make Zo to be infinity. As long as we can design a parallel component Z,
which is negative, then R, and Z, can be cancelled out. This is the idea

behind the Q-compensation circuit.

Q-compensation circuit was first introduced in [6], the circuit schematic is

%

shown in Figure 2.6.

Figure 2.6: Single-ended version Q-compensation circuit
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The total transconductance looking into point A is given by:

G, = —_Ymmo (2.3)
gml + ng
where gm1 and gmz are the transconductance of the cross-couple transistor.

To compensate for the low-Q inductor, we need to have R, = As R,

1.
GP

decreases, Gy, has to be increased accordingly. This also explains why a
large inductance can benefit the Q-compensation circuit. This is because, as
Lout increases, R, increase accordingly, and hence a lower G, can be used.
Given the same power budget, lower G, means a smaller device, that reduces

the parasitic capacitance and thus increases the tuning range capability,

lowers power consumption.

Assume gmz=Mgm1 where M is the constant multiplier, then (2.3) can be

reformed:

Mg? Mg
G - — ml - _ ml
T A M), @+ M) (2:4)

We can easily find that the most convenient value of M is as large as p ossible

such that M—>M+1 and hence G, = gm1. However, this leads to a very large

Omz2, Which is impractical for any process. In [6], M is set to 3 for enough Q-
compensation. On the other hand, due to large gm2 = 3gm1, the linearity

reported is —15 dBm while drawing 78mW under a 3V supply.

The low linearity is due to the unbalance transconductance between the
cross-couple transistors. One drain of a transistor is connected to the output

while the other is connected to the supply. Thus, a differential LNA using
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differential Negative Gy, cell is introduced in [7]. The same argument can be
adapted for our single-ended version. We can add a dummy component such
that the DC voltage point of the drain of both cross-couple transistors is the

same, as shown in Figure 2.7.

Vvdd

Bias _H_l

Figure 2.7: Modified single-ended version Q-compensation circuit
Now, the question is what kind of component should we choose: Resistor;
Inductor, or active device. Active device is obviously not a good choice as the
node voltage at point B becomes undefined. To solve this problem, a
common mode feedback circuit has to be added such that the node voltage

point A and B are the same, which is not good in terms of noise.

Resistor, on the other hand, seems to be a good choice. Nevertheless,
remember that the total required negative G, is equal to the reciprocal of Ry,
where R, is just a model due to the series resistance of the low-Q inductor.

Actually the node voltage A is defined by:

VA:Vdd _Rsld (2.5)
where R is the series resistance of the inductor as shown in Figure 2.4.

(2.5) makes it difficult to choose the value of the resistor. Value of R, is
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absolutely not suitable. This can be seen by modifying (2.5)

wL
Qom (1+Q2)|d ¢VA :Vdd - Rsld (2.6)

On the other hand, Rs is not suitable either. This is because the value of

Vg =V _Rpld =V ~

R, = 1. Ry is the logical model of the inductor, not the real series resistance.
G

p

Without the series inductance, transformation cannot be made.

Thus, the best option is to use the same LC tank used for the output of the
LNA. In this case, we can have exactly the same characteristic on both sides
of the Negative G, like the differential one in [7][8]. The tradeoff here is a
larger area and a bit more noise due to the low-Q inductor. Nevertheless, we

can maintain the advantages of low power and high linearity.

Another feature offered by the Q-compensation circuit is its ability to tune the
input-matching network. To explain this feature, let us review how we derive

the input impedance using small signal model as shown in Figure 2.8.

Lg Cui

Zin YO | ]
i

Ce —— - OmVgs Zow

Ls

Figure 2.8: Small signa model of Z;, without neglecting Cy

Typically, we can get the input impedance Zj,:

. 1 g
Z =jw(L, +L . ——)+="0L 2.6
in J (g s C ) C s ( )

gs gs
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Equation (2.6) is derived with the assumption that the gate-drain capacitance
Cgydis small enough that it can be ignored and Z, is infinity (or large enough),
and this is true in most cases. However, neglecting Cyq may lead to improper
input matching if Q-compensation circuit is added at the output of the LNA. To

see the effect, let’s re-derive the input impedance including Cgq and Zout.

(SLg +S|_S+i+gm7|‘s)_x
Z, = Lo Co 2.7
. T, (27)

where X and Y aregiven by
- (gmzout - SZL C )[(1+ SZLgCgs) + %mLs]ng

g —9s
SC:gs[(nggd Zout - Cgs) + SC:gd Cgszout]

— ng[(l+ SZ Lngs) + ngLs]
(nggd Zout - Cgs) + SC:gdC Z

gs“—out

To verify the correctness of (2.7), let's make Cyq = O, then equation (2.7) may

follow (2.6). Similarly, make Z, to be infinity, (2.7) converges to (2.6).

With the Q-compensation circuit added, Zo,: can now be varied. Consider the
X and 1+Y terms in (2.7) and rewrite it as shown in the next page, we can find

that the input impedance Z;, becomes:

Z, = oLy + L)+ B)§+(gcm—LS+ AC) (2.8)

gs gs
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:[(1+S Ls gs)+$m|—s]gm od [(1+S Ls gs)+$m|—s]gm

S(gmcgd + SC:gd gs)Cgs S(gm + SC:gs)Cgs
— gm (l+SZLSCgS+ngLs)(gm_SCgs)
SCgs gri _Szcgzs
o {@+s°L.C)g, ~5°9,L.Ci] +[02L, ~Cy (L+ $2L.C,.)]S)
SCgs(gm Cgs)
gm { 2
0, +[02L, - Cy 1+ S°L,C,)]g
SCgs(gm s°Cq) ’ ’
= A+E
S
-(1+s°L 2
where A = ( — Cee)lGn and B = ng —
(9n —s°Cg) Ce(9n —5°Cy
+ +
1+Y :1+ ng[(l S Ls gs) ngLs]
(nggd Zou'( ) + SC:gngd Z
— [(1+ gmzout)cgd C +S Lngs gd]+SC: (Cgs out +gmLs) — A'+sB'
(gm gd )+SC:gngdZ CI+SDI

where A':[(l+ O out)ng C +s’L,C ] B'= (Cgs ot T gmLs) =0,

s~7gs gd
C'=9,CyZoyy ~CadD'=CC,Z,, =0
L c
1+Y A
Suppose the imaginary part is always designed to resonate at the desired

=>

frequency, then we can see that: firstly, term A is a negative value as derived.
Thus, whenever (2.6) is used, the final value of the real part will be less than
the designed value. Secondly, the most important issue is the last term C'/A.
Although it is always a real number, improper design of this term may lead to
a negative value. In this case, the real part of the input-matching network
becomes a negative value that indicates an undesired oscillation. Thus, Zgt
becomes an important parameter to make sure that S;; will not be greater
than zero. Or, we can design Ls as small as possible to make sure that the
term C'/A is always greater than zero. Actually, this result agrees with [9], in

which the authors suggest to use a small source inductance during the design
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of LNA.

2.2.4 Design of frequency tuning circuit

Process variation is one of the main problems for a circuit designer. This
problem becomes serious for narrow band application. Suppose an LC tank

is designed to resonance at frequency wgiven by:

_ 1

w_ﬁ (2.9)

Take our case as an example, we have w= 2.4GHz. And further suppose the
process variation is about +/-5%. The worse case variation of center
frequency is given by:

1

= = 0.976w
\/(1.05L)(1.05C)
which corresponds to a frequency shift of around 100MHz. Various tuning

- (2.10)
methods have been used [6][7][8]. Those methods make use of the Miller
effect to change the total output capacitance and hence provide tuning
capability. However, such method needs the device to be turned on, which
draws current, and at the same time, introduces noise to the LNA. Thus,

Switchable Capacitor Array (SCA) shown in Figure 2.9 is used.

J_Co
Vb_ll_——z[

Figure 2.9: Circuit diagram of the SCA
Actually, the SCA is working in the digital domain. As the switch is turned on,
the drain of the switch is grounded. Thus, ideally, a single capacitor is seen at

the output. Since the transistor is blocked by the capacitor, no direct current
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can go through the transistor, that is, no power consumption. As the transistor
Om IS zero, no noise is introduced by the SCA. However, it does have some

disadvantages for this design.

First of all, the transistor has its own “ON” resistance. The drain-source on
resistance is given by:

L

RO
WV, -V,)

Intuitively, increasing W can help minimize the resistance, and hence, the Q of

the capacitor. Nevertheless, as the size increases, the parasitic capacitance

increases accordingly. Such parasitic is the limitation of the tuning range. Let

us consider Figure 2.10.

cn L o
Vi Jq\% . Vo —

Figure 2.10a SCA when switch is off Figure 2.10b: SCA when switchison
Originally, we want a capacitance to be either zero or Co when the transistor is
off and on respectively. However, due to the parasitic of the MOS as shown in
Figure 2.10a, the total capacitance at the output when the transistor is “off” is
given by:

— COCPl
total 0
c:0 + c:Pl

When the transistor is “on”, the total output capacitance is Co. Thus, the total
capacitance change from “on” to “off” is no longer Cy, but a value smaller than
Co. Thus, optimization has to be made to maximize the Q and tuning range at
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the same time. Typically, a Q of 15~20 is enough to be neglected in terms of
the overall Q of the output of the LNA. This is because the low Q on-chip
inductor dominates the overall Q of the LNA. The layout technique is

important in designing SCA, which will be further discussed in Chapter four.
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2.2.5 Pre-simulation result of the LNA

Simulation has been done for the LNA as shown in Figure 2.2. Level 49
BSIM3 transistor model for TSMC 0.35u process is used throughout the
simulation. The frequency response and the Noise Figure are plotted in
Figure 2.11. The voltage gain is around 20 dB at 2.4 GHz with Q of 6 and the
corresponding Noise Figure is around 1.9 dB. Most of the noise comes from
the input transistor and the parasitic resistance due to the source inductor.
Since the total Noise Figure for Bluetooth system is around 22 dB, 1.9 dB

Noise Figure can be considered low enough.
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DO: /home/anri/eemd/bluetooth/LNA_notch_filter/Pre-sim/LNA_on_chip_ind_2 Expression None DO:AO:NF FAN

11:36:57 HKT, 03/05/2001
Figure 2.11: Frequency response and Noise Figure of the first stage LNA

On the other hand, Figure 2.12 shows that the 1IP3 is much lower than the one
shown in Figure 2.3. This is mainly because the Q-compensation circuit

degrades the linearity, although we do try a large inductor at the output in
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order to minimize the required -G,,, and hence obtain a smaller device size

and better linearity. Nevertheless, this value is still typical and acceptable in

most applications like Bluetooth.
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Figure 2.12: 1IP3 of the LNA
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Chapter 3

Design of Image Rejection Notch Filter

3.1 Introduction

Except for Homodyne receivers, which use a zero IF, image is a serious
problem for a receiver. This is because undesired image signal may fall into
the desired signal band after frequency translation. Image can be considered
as in-band or out-of-band. For in-band image, rejection cannot be easily
made except the image-rejection mixer, which makes use of | and Q channels.
Theoretically, 100 percent of image rejection can be achieved. However, due
to device mismatch in the process, typical value of 30 dB is achieved, which is
not enough in most applications. Thus, many receiver architectures with out-
of-band image are chosen, which is always done using off-chip component

like SAW filter.

In this chapter, we are going to first talk about the basic image mechanism,

followed by the design of monolithic image rejection notch filter.
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3.2 Image mechanism

In heterodyne receivers, signal band is translated to much lower frequencies
in order to relax the Q required for the IF filter. Frequency translation is done

by mixer as shown in figure 3.1.

wLo w

Figure 3.1: downconversion by mixer
The principle is based on the mathematical expression as follows: Consider a
signal of frequency wrr With amplitude Agrr and the LO frequency of w o with

amplitude Ao, and lower side band is chosen, then we can see that:
A S ) Ao S(W,gt) =2 [l = o)+ St + )]

Thus, after translation, we can get a signal with lower frequency Wr=Wre-Lo.

However, it can also be prove n that, with an unwanted RF signal at frequency
WRF-2WF, this signal will be downconverted to we with the same mixer. This is
what we call image frequency. To prevent the unwanted image signal to be
down-converted to the same IF as the desired signal, image reject off-chip
SAW filter is commonly inserted between the LNA and mixer. Nevertheless,
such an off-chip component requires 50 Ohm matching. Also, most of the
time, this SAW filter is made of passive elements, that is, an insertion loss is

introduced in the signal path.
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3.3 Design of Monolithic Image Rejection Filter

3.3.1 Past development

Not many published paper investigated on monolithic image rejection filter
until few years before. On-chip image rejection filter was first introduced

[1][2][3]. The idea is explained as follows:

Vo Z

i AN
[: Notch filter
o ,

fi mage fWanted

Z;

Figure 3.2b: Impedance of notch

. i . nd .
Figure 3.2a: LNA with 2™ order notch filter filter and emitter of cascode BIT

Consider Figure 3.2a, by designing the impedance Z; and Z, as shown in
Figure 3.2b, the image signal can be ‘steered’ away from the signal path to
ground through the image rejection notch filter, but not the desired signal.
The reported image rejection can be greater than 50 dB when using on-chip
inductors with Q value of 7 in BJT technology. If a 2" order notch filter is
used, the IF cannot be low, or otherwise, Z, becomes less than Z;, which
‘steer’ away the desired signal. Thus, a 300 MHz IF is chosen. Such a high
IF may introduce difficulty to the Analog-to-Digital converter, or a double IF
receiver architecture has to be used. Finally, as there is no control of the
desired frequency in the notch filter and the notch filter is connected to the
signal path, the linearity is always degraded. The reported IIP 3 is around —28

dBm with a gain of 28 dB.
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Another design of image rejection filter is introduced [4] in CMOS technology

as shown in Figure 3.3a.

Z
A Z
_{ NGtch filter 2
Z,
Zl I_: I I Zl [
1
€ | | >
— fimaxge fwanted
Figure 3.3a; LNA with 3" order notch filter Figure 3.3b: Impedance of notch filter and

source of cascode CMOS
Basically, the idea is the same as in [1] except a blocking capacitor is added
to form a third order notch filter. This added blocking capacitor provides
another control of the wanted signal so that Z, is always greater than Z; at the
desired signal. The reported IIP3 is —2 dBm with a gain of 18 dB with an on-
chip inductor Q value of 5 in 0.25um CMOS technology. Nevertheless, in
most cases, the transconductance of the cascode is high for high gain and low
noise, which means a small Z;. Thus, the difference between Z; and Z;
cannot be high, and hence, the image rejection. The reported image rejection

is around 12 dB.

Another improved version is reported in [5], in which the notch filter is moved
to the second stage bandpass filter. Since the transconductance of the
second stage bandpass filter is comparatively lower than the first stage, a
higher image rejection can be achieved. The reported image rejection can be

greater than 60 dB, which is much higher than in [4].
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For the previous designs [1][2][3][4], the image rejection notch filter is inserted
into the cascode LNA. In the receiver path, this means the LNA is combined
with the image rejection filter into one building block. However, with this
combination, the noise due to the image rejection filter cannot be suppressed
by the high gain LNA because of the cascode configuration, the gainis only 1
from the node between the input device and the cascode device. So, noise
from the notch filter cannot be suppressed. Thus, in the designs discussed
above, the Noise Figure cannot be lower than 4.5 dB with relative high power

consumption.

In [5], the image rejection and the Noise Figure can be improved by
introducing one more stage between the LNA and Mixer. However, in terms of
system consideration, we want to reduce the number of building blocks in the

receiver path as much as possible for higher linearity and low noise.

One of the common problems in all previous designs is the use of cascode
configuration. As discussed in Chapter 2, under a low supply voltage,

cascode configuration should be avoided in all sense.
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3.3.2 Proposed Image rejection notch filter [6]

Vad

Zo

Vout

Vin _|
Zs
Figure 3.4: Simplified amplifier circuit with source degeneration
Consider the schematic in Figure 3.4. This is the most basic amplifier with

source degeneration, for which the gain is given by:

- ngO
A/ 1+ ngS

Normally, the function of Zs is to improve the linearity by trading off the gain.

(3.1)

Here, we propose to use a second-order LC tank to design Zs so that it
resonates at the image frequency. As a result, the gain at the image

frequency decreases close to zero, and a notch filter is achieved.

Several advantages are offered by this design:

1. Only one transistor is involved to provide image rejection that can support
low voltage design, as compared to [1][2][3][4].

2. The non-linearity effect due to the Q-compensation circuit would not be

affected if it is added to the source of the transistor to compensate the

Vd
%o Negative
Gm
Vin Vou |
Zs

Figure 3.5. Smplified amplifier circuit with source degeneration and negative
Gm cell
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low Q inductor, as shown in Figure 3.5. This is because the output is
taken at the drain of the transistor, not the source. Thus, even the poor
linearity of the Q-compensation circuit, it does not affect the signal path.
3. This simple structure can be combined with most of the circuit. For
example, the source degeneration image rejection filter can be combined
with the single-balanced mixer or Gilbert mixer to form an image rejection
mixer. Figure 3.6 shows the schematic of the image rejection mixer using

Single-balanced mixer.

LO+ _“_b‘ PJ}_ LO-

RF_{

Source degeneration
<4————1mage Rejection filter

1

Figure 3.6: Image Rejection mixer
In terms of system design, we are trying to combine the image rejection
filter and mixer to form one building block instead of combining the LNA
with the image rejection notch filter.
4. Since the image rejection filter is moved behind the LNA (as shown in
Figure 3.7 in the next section), the noise due to the image rejection filter

can be suppressed by high gain LNA, as compared to [1][2][3][4].

Of course, there are some other disadvantages. First, as the IF becomes

lower, the gain decreases at the desired signal according to equation 3.1.
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Also, it can provide a narrow band function.

3.3.3 Complete design of LNA with source degeneration Image

Rejection filter

Bias,

RF,

RFou

_____________________________________________________

Figure 3.7: Complete schematic of the LNA with source degeneration Image
Rejection filter
Figure 3.7 shows the complete schematic of the LNA with source
degeneration Image rejection filter. The LNA is the common mode

configuration as discussed in Chapter 2. The gate inductor is chosen off-chip

for lower noise figure.

A PMOS second stage input is chosen. This is because a NMOS Q-
compensation circuit as shown in Chpater 2 can be used. Remember the
mobility of NMOS is about 2 to 3 times larger than PMOS. If we use a NMOS
second stage input and a PMOS Q-compensation circuit, the device of the
PMOS has to be large, or larger power consumption is needed. Also, the

parasitic capacitance would increase accordingly which decreases the
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available frequency tuning range.

Since PMOS is intrinsically low noise, the noise figure due to the second
stage input device would be small. The only disadvantage is that a blocking
capacitor and a biasing resistor are needed. The biasing resistor should be
theoretically large enough to reduce its current noise. By rule of thumb, two
thousand to four thousand ohms is enough for low noise [7]. The on-chip
blocking capacitor is designed such that its impedance is not high at the
desired frequency. Thus, the capacitance has to be high. On the other hand,
its parasitic capacitance would be high also. Optimization is made here such
that the impedance and the parasitic capacitance due to the blocking

capacitor are low and in our case the capacitance is about 1.8pF.

As discussed in Chapter 2, frequency-tuning circuit is necessary to cope with
the process variation. Thus, a SCA is added at the image rejection filter.
Different IF can be used by this SCA. On the other hand, SCA is not added at
the output of the first stage as it can be tuned by proper input matching

network.

For simplicity, an open pad is used for the output of the LNA output for 50
Ohm matching. Thus, the second stage forms an image rejection buffer. The
use of 500hm resistor for matching degrades the gain from the first stage
LNA and increases the noise figure. However, as our purpose is to
demonstrate our idea of source degeneration image rejection filter, we can

scale the gain during measurement.
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3.3.4 Pre-simulation of the complete LNA with source

degeneration Image Rejection filter

Figure 3.8 shows the frequency response and Noise figure of the LNA with
source degeneration image rejection filter. The voltage gain of the first stage
output is plotted for comparison. We can see there is a notch at the IF
frequency (~200Mhz). On the other hand, due to the suppression of the gain
at the image frequency, the noise increases. The total image rejection can be
greater than 50 dB with respect to the desired frequency, and it can be further

improved with the Q of the inductor.
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Figure 3.8: Frequency response and Noise Figure of LNA with imagergection filter

On the other hand, the Noise Figure drops to around 3.8 dB. This is because
a 50 Ohm resistor is used for matching. Thus, Figure 3.8 shows a drop in the

gain at the second stage output and also the inductive degnerative at the
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source. If we design a resistor such that the voltage gain at the desired
frequency is the same as the first stage output, the Noise Figure is actually

2.7 dB.

As discussed in Chapter 2, the Q compensation circuit can affect the input

matching (Si11). Figure 3.9 presents Si; versus frequency.

S11

$11 (lin)

1.4g 1.69 1.89 29 2.2g 249 2.69 2.89 3g 3.2g 3.49 3
Frequency (lin) (HERTZ) -89
Deslgn Type Wave Symbol
DO: /home/anr1/eemd/bluetooth/LNA_notch_filter/Pre-sim/LNA_on_chip_ind_2 AC D0:A0:s11(db)

11:49:27 HKT, 03/05/2001

Figure 3.9: S11 of the LNA
The minimum Si; is around —-10dB at 2.45 GHz. This is not a low value

compared to typical published papers, although it is still acceptable in most

applications such as Bluetooth.
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To prove whether the Q-compensation circuit for the source degeneration

image rejection filter will affect the linearity or not, simulation has been done

by inputting two tones at 3 Mhz apart. The IIP3 for both the first stage LNA

output and the second stage image rejection filter output is plotted in Figure

3.10.

As compared to Figure 2.12, the IIP3 is almost the same.

1IP3 for LNA with source degeneration image rejection filter

-20 T T

80
100}

-120F

Output Voltage/dBVY

140

-160 -

-180

-200 ‘ ‘

1
-70 -60 -60 -40

i
-30 -20 -10 0

Input power/dBm

Figure 3.10: I1P3 for LNA with image rejection filter

Table 3.1 shows the Pre-simulation

degeneration image rejection filter:

result of the LNA with source

Parameters Pre-simulation result
Voltage Gain 21 dB
Image Rejection ratio > 50 dB
Noise Figure 3.3dB
Power dissipation 3.5 mW
Su -10 dB
1P -7 dBm
Supply voltage 1V

Table 3.1: Performance summary of the LNA with image rejection filter
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Chapter 4

Layout consideration

4.1 Introduction

How high the performance of the circuit, especially for RF circuits, depends
heavily on the circuit layout. Common centroid and fingering are common
techniques for the transistor layout. In this chapter, however, we are going to
focus on the design of on-chip inductors and Switchable Capacitor Array
(SCA) as they play an important role in LNA design as mentioned in the
previous chapter. Final floorplan and layout of the complete LNA with image
rejection filter will be given. Finally, Post-simulation with the final layout will be

presented.
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4.2 On-chip Inductor Design

On-chip inductor is a very process-dependent passive device. Recently,
many published papers discussed many techniques to improve the Q of on-
chip inductor such as circular spiral inductor, double metal and multi-metal
[1][2], guard ring, taper inductor [4] and patterned ground shielding [5].
However, all these techniques have their limitation in terms of the use of
process. To explain these, let us discuss further how the geometry of an on-

chip inductor affects the Q. Consider Figure 4.1

® o X X metal

o \/\. R

Magnetic field

Figure 4.1: CMOS on-chip inductor illustration
The Q can be affected by three mechanisms: Metal loss, Substrate loss and
eddy current loss. The metal loss is due to the physical resistance in the
metal. Increasing of metal width can remedy this problem. However, it
increases the parasitic capacitance (Cp) between the metal and the substrate,
which increases the substrate loss as high frequency can easily leak to the
substrate through Cp. Eddy current loss is due to the image current formed in

the substrate that opposes the magnetic field from the inductor itself. Due to
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the above limitation, typically, the values of on-chip inductors range from 2nH

to 10nH.

Multilevel connection of metal layers is proved to improve the Q without
special process [2][3]. However, as the operating frequency increases, the
loss becomes higher as the parasitic capacitance increases, which may lead

to higher substrate loss.

Patterned ground shield is another technique to improve the quality factor by
around 1.5 times [5]. However, this technique is useful only for a lightly doped
substrate, although it doesn’'t deviate from the standard CMOS process.
Nevertheless, to emphasize the possibility of combining analog receiver with
the digital baseband processing part, substrate of CMOS processes are

generally highly doped to prevent latch up.

It has been proved that circular inductor can improve the quality factor of on-
chip inductor. However, layout of a circular shape is not an easy task. Also,
as discussed with Dr. Ali M. Nilnejad (Author of ASITIC), such improvement is
on average about 5 -10%, of which some portions are contributed by noise. At
the same time, given the same inductance, the area of a circular inductor has

to be larger than the square one, thus, leading to a higher substrate loss.

For Giga-hertz application, eddy current loss is not the main factor of low Q

on-chip inductor. Thus, care is taken in handling the resistance on the metal

loss and the substrate loss. To reduce the substrate loss, the total metal area
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should be kept as small as possible. On the other hand, smaller area means
a higher sheet resistance, as the metal width has to be small to keep the
same inductance. Thus, optimization point can be found such that the total
loss is minimized [6][7][8] by sweeping a wide range of inductor length, width

and number of turns.

Several simulation tools of inducotor: ASITIC [9], Sonnet [10] and FastHenry
[11] are used for comparison. Sonnet gives a full 3D simulation of inductor
and thus provides very accurate result. However, the simulation time increase
exponentially with the size of the inductor. For a circular inductor, it may take
a lifetime to get the result. ASITIC and FastHenry provide a pseudo 3D
simulation of the inductor, and they take much less time to get the result. In
our case, a square inductor is designed and simulated in the above three
simulation tools. We choose a square inductor because we can use Sonnet
for higher accuracy. Also, eddy current loss can be taken into account in
ASITIC for a square inductor (eddy current simulation cannot be applied to
inductor with shape other than square). Figure 4.2 shows the layout of the

inductor and Table 4.1 summarizes the geometry of the inductor.

Paardas Vdues

Width 12um

Seecng | 1.2um
Turs )
Med Topned

Imerdm 60um

Table 4.1: Inductor

Figure 4.2: Inductor narameters 45
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Ls Rs

_m_/\/\/\__

C]_p g g CZp
Rip %7 %7 Rop
Figure 4.3: Inductor model for on-chip inductor

Figure 4.3 shows the inductor model. Rs models the sheet resistance. C, and
Rp model the substrate loss and the eddy current loss. Table 4.2 shows the

parameters from the above three simulation tools.

TOOIS Ls Rs Clp R]_p CZp RZp

Sonnet | 3.81nH 13.8 0.11pF N/A 0.12pF N/A

ASITIC 3.8nH 16.5 0.1pF 54 0.102pF 76.8

FastHenry| 3.9nH 13 N/A N/A N/A N/A

Table 4.2: Summary of parameters from Sonnet, ASITIC and FastHenry

Coupling throught substrate is another problem for monolithic design [12].
Induced current in the substrate can go to another circuit easily because of

the low resistivity substrate.

Guard ring is used to solve this problem. Many guard ring structures have
been studied. Here we adopted the broken guard ring [13], as shown in
Figure 4.4. The advantage of this structure is that it can improve the substrate
noise coupling without much effect on the inductance. It can also prevent an

eddy current formed in the broken guard ring.
o Y s [

[ [ v
i U*— Broken guard
0 I nductor 0 ‘7 ring
[ [
o e N

Figure 4.4 Broken Guard Ring structure
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4.3 Switchable Capacitor Array (SCA)

As discussed in chapter two, SCA has many advantages over other frequency
tuning techniques like Miller Capacitance or varactor. However, care must be
taken in the layout so that SCA has the best performance. To minimize the
parasitic capacitance, we have to keep the drain area as small as possible to
maximize the tuning range. On the other hand, the aspect ratio has to be kept
as large as possible to improve the Q value of the SCA. Thus, a donut cell is

used as the transistor layout. Figure 4.5 shows the layout of a one-bit SCA.

One Donut Cell

Figure 4.5: SCA layout

47
Chapter four



4.4 Final Layout and Post Simulation result

Figure 4.6 shows the final layout of the LNA with source degeneration image

rejection notch filter. We suppose to use a digital CMOS 0.35um process and

0.8mm

1mm

Figure 4.6: Final Layout of LNA with source degeneration image rejection notch filter

the area is 1mm*0.8mm.

Figure 4.7 shows the frequency response and the noise figure of the post
simulation of the whole LNA with source degeneration image rejection notch
filter.
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Figure 4.7: Frequency response and noise figure from the post simulation of the whole
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Figuree 4.7 shows similar performance as in the pre-simulation results as

shown in chapter three. However, due to the parasitic from the layout, Si; is

further degraded. So, an simple L -type off-chip matching network is designed

by adding an extra capacitor of 2p connected to the gate inductor input and

the ground. Figure 4.8 shows the new Sjj.

Since, the matching network is

changed, the final frequency response has also been changed, as shown in

Figure 4.9. The peak voltage gain is shifted to a lower frequency. However,

the gain at 2.45GHz is still around 20 dB. Because the input matching is well-

matched, the minimum achievable noise figure of around 3 dB is possible.
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Figure 4.8: New Sy; using L-type off chip matching network
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Figure 4.9: Frequency response and Noise Figure with well-matched Sy;
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Figure 4.10 and 4.11 shows the post-simulated IIP; at the first stage LNA
output and the second stage image rejection notch filter. Once again, we can

see that linearity is nearly the same as the 1IP; at the first stage LNA output.

Post simulated IIP3 for LNA with image rejection notch filter

-20
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Figure 4.10: Post simulated IIP; of the LNA output
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Figure 4.11: Post smulated I1P; at the image rejection notch filter output
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Table 4.3 summarizes the performance of the post simulation.

Parameters Results
Process 0.35um 4 Metal 2 Poly
Voltage Gain 21 dB
Image rejection >50 dB
Noise Figure 3.8
[1P3 -9 dBm
Su 8.5dB
Voltage Supply 1V
Power consumption 4 mW

Chapter four

Table 4.3: Summary of Post simulation performance
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Chapter 5

Measurement Result

5.1 Introduction

In this chapter, measurements result such as Gain, Input matching, Noise
figure and linearity will be presented. Measurements setup will be illustrated.
Finally, a summary of the measurement result will be tabulated together with

the past work.
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5.2 Die Photo

Figure 5.1 shows the chip photo of the LNA with source degeneration image
rejection notch filter. It was fabricated in standard digital CMOS 0.35um 4-

Metal and 2-Poly process through MOSIS.

Imm

0.8mn1
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5.3 Measurement

5.3.1 On-chip Inductor

Figure 5.2 shows the inductance and the Q vaue of the on-chip inductor. We can see

that the measured inductor Q is very close to the simulated Q in ASITIC.

50T .0 1.52.02.53.803.54.04.55.05.55.05.%

Figure 5.2: Measured Q value of the on-chip inductor

5.3.2 Input matching (S11)

Figure 5.3 shows measurement setup of the input matching. Calibration is

made up to point A. The transmission line is designed to match at 2.4Ghz.

Transmission Line Bondwire

\ |

e L]

8753D

AL

Figure 5.3: Measurement setup for Input matching
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Figure 5.4 shows the measured Si1;. Due to the improper modelling of the off-
chip inductor, the minimum S;; is —11.6 dB at 2.25 GHz.

[

o |
1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1

)

‘ . . ‘ T o B ; o ; = ) i-

Figure 5.4: Measured Input matching

5.3.3 Frequency response

HP :
8753D Bias-T

Transmission Line Bondwire

\ |

i

DUT

Figure 5.5: Measurement setup for Frequency Response
Figure 5.5 shows measurement setup for the frequency response. A bias-Tee

is used to offer a 50 ohms matching without designing another matching
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network. Figure 5.6 shows the voltage gain of the LNA with source
degeneration image rejection notch filter. We can see that the peak voltage
gain at 2.25 GHz and the image rejection at 2 GHz (equivalent to 110 MHz IF)

are 11 dB and 50 dB respectively.

)

| )+

| N, 1 \ 1 =T

[r;

_J’t IIIIIIF(IIIIIII(IIIHIIIIIII'H\IIIIIIIIIIIIIFIIIIIIIHIIIIIHI

: SO O 5 IS NS T I B = B B S SR = S
.92 02 12 .00 52 A0 . b 060 7 57

Figure 5.6: Voltage Gail? apd Ama‘lge RQethnBati o of the LNA
Actually, the center frequency of the desired signal shifted to 2.25 GHz

instead of 2.4 Ghz. This is due to the fact that now the input is matched to 50
Ohms at 2.2 Ghz rather than 2.4 Ghz. Re-simulation has been done to verify

this, as shown in Figure 5.7.

5.3.4 Sy,

Figure 5.8 shows you the measured Si1,. We can see that the Sy at 2.2 GHz

is about —10 dB.
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* Ina with source degeneration notch filter post simulation
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5.3.5 Noise Figure

Basically, the measurement setup as shown in figure 5.5 can be used again
except that the measurement equipment is now replaced by Agilent N8975A.

Figure 5.9 on the previous page shows the measured noise figure.

Noise Figure/dB

2 2.05 2.1 215 2.2 2.25 23 2.35
Frequency x10°

Figure 5.9: Noise Figure of the LNA with source degeneration image rejection notch filter
As predicted from simulation in chapter three, the noise figure is very high at

the image frequency. On the other hand, the noise figure at 2.25Ghz is

around 5.1 dB.
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5.3.6 Linearity (1IP3)

Figure 5.10 illustrates the measurement setup for the linearity. Two signal

generators are used to generate two pure sine tones with 3MHz seperation.

Bias-T

Agilent
E4433B
Combiner ipf;trg;n
H-183-4 Ly
HP Agilent
8648C E4404B
Transmission Line Bondwire
\ |
| \1
DUT

Figure 5.10: Measurement setup for 11P;

High impedance probe is also used to probe the output signal of the LNA

output. Figure 5.11 shows the captured frequency spectrum with two tone test

applied together with the intermodulation frequency and Figure 5.12 shows

the frequency spectrum with two input sine waves and their intermodulation

product.
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Figure 5.11: Captured frequency spectrum for two tone test
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Figure 5.12: Interpolated |1P;
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To measure the I1IP;, an increasing input power is applied to get the
corresponding output voltage. Figure 5.11 shows the interpolated IIP3 of the
output of the image rejection notch filter. From the figure, the IIP3 is much
higher than the simulated result. This is because the gain for the LNA is
about 12 dB. Here we try to improve the linearity by trading off the gain. The
main reason is that the linearity requirement for bluetooth has to be larger

than —16 dBm, which is the most tough requirement.

Table 5.1 summarizes the overall performance of the LNA with source

degenration image rejection notch filter as well as the performance for the

existing design refered in chapter 3 for comparison.

[3] [4] [5] This work
Process BJT 0.25um CMOS | 0.5u CMOS | 0.35u CMOS
IF 300 MHz 300 MHz 70 MHz 110 MHz
Gain 28 dB 18 dB 22 dB 12 dB
NF 4.8 dB 3.8dB 10 dB 5.1dB
[1P3 -28 dBm -2 dBm -18 dBm 1 dBm
IR > 60 dB 20 dB >50 dB >50 dB
Supply voltage 2.7V 2V 2V 1V
Power 33 mW 12 mW 22 mW 3.6 mW

Table 5.1: Summary of performance of LNA with source degeneration image rejection filter
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Chapter 6
Design of Ultra Low Power Frontend

Receiver for Bluetooth System

6.1 Introduction

Bluetooth is a newly developed system that is used for short distance wireless
communication. Because of its simplicity, it is supposed to be able to plug into
many existing wireless systems or even home accessories to form a small

wireless network.

From the previous chapter, we know that 1-V LNA is possible without
degradation of the performance. In this chap ter, we are going to demonstrate
the possibility of a single 1-V supply receiver with ultra low power
consumption. At the time the writer finishes this thesis, the chip is still being

fabricated. Thus, only simulation results are provided.
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6.2 System Design

Figure 6.1 shows the system block diagram of the bluetooth receiver

| 1MHz IF |
! Antialiasing :
2.4 Ghz —<%: Filter Vincent :
RF i & i
i Joseph :
2 sage IF !
: Filter | | SDADC [faseband
Polyphas QY Hta
i | Antialiasing :
| 4®: Filter |

Fully-integrated

D e e o e m g e et s s e e s mm s s e o et e s e e s e s em s m g e e i e s e s s e e s em k= s ke s h s = k= s = e = s s s )

Figure 6.1: System Block diagram for Bluetooth system
After the RF signal goes into the antenna and is being amplified by LNA, it is
down converted to an IF of 1 MHz. Such a low IF can relax the power
consumption in the IF Filter and the SDADC. To further reduce the power
dissipation, all inductors are off-chip. This can also improve the total noise
figure, although it is not a main concern in Bluetooth system. Since the image
signal is located in-band, an image rejection mixer using | and Q channels is
used. Because the minimum in-band image rejection requirement is 20 db,
such image rejection architecture is adequate even if the mismatch of the
device is about 5 percents [1]. To eliminate the possible off-chip inductor
mismatch, we try to minimize the number of off-chip inductors. Hence, a
simple VCO is used instead of cross-coupled IQ VCO. This can also reduce
the power consumption. On the other hand, generation of IQ LO signal is
done by using Polyphase filter. To make the image rejection immune from
further mismatch, a two-stage Polyphase filter is adopted [1]. Antialiasing

filters are added between the mixer and the IF filter since switched-capacitor
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circuit is used as IF filter for high its accuracy. In the following sections, we
are going to talk about the frontend of the receiver from LNA to Antialiasing

filter.

6.3 Circuit Design

6.3.1 LNA

As discussed in chapter one, a common source configuration can save power
and improve noise figure as compared to the common gate configuration.

Here we will adopt this configuration as shown in Figure 6.2.

Lout
LNA output
Lg
, 1 L
RF input
VY
LS p— e

Figure 6.2: Schematic of LNA for Bluetooth system
With the use of off-chip inductor, which has a Q of around 15 ~ 20 by using
bond wire or > 20 by using chip inductor, power consumption can be further

reduced as the gain is given by:
A =GR, =G, -1+ Q")

where Gy, is the transconductance of the transistor and Ro is the output

resistance

Noise coming from the transistor increases with the decrease of Gy,
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However, most of the noise comes from the inductor. Thus, with the use of

off-chip inductor, the overall noise figure can still be improved.

A Switchable Capacitor Array is used for frequency tuning. This is because,
sometimes, it is not easy to obtain your desired inductance values from the
market. A SCA can remedy this even if the obtainable inductance is slightly

deviated from the designed value.

6.3.2 Mixer

Since the LNA output is single ended, a single balanced mixer as shown in
Figure 6.3 seems to be the most optimum choice for low power, low noise and

high linearity.

if+

if-
Frequency
LO+ _“; M, Ms ;H— LO- . conversion part

“. -

V bias

Figure 6.3: Mixer schematic for Bluetooth system

As the VCO operates under 1 V supply, the frequency conversion transistor
M, and M3 can be directly biased by the VCO output without the use of a

blocking capacitor and biasing circuit.
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With a 1 MHz IF, the loading resistors can be as large as possible for higher
conversion gain by trading off the linearity. As linearity is one of our main
challenges, we choose a conversion gain of 0 dB. A loading capacitor is
added at the output of the mixer to provide a low pass function. This helps
suppressing the high frequency component, which hurts the IF filter by

aliasing.

6.3.3 Polyphase Filter

Suppression of in-band image is done by the image rejection mixer, which
makes use of the | and Q channels with 90 degrees phase difference between
them. As our goal is ultra low power consumption, a simple VCO is used with
two outputs that are 180 degrees phase difference (0 and 180). Thus,
generation of 4 phases: 0, 90, 180 and 270 is achieved by Polyphase filter [2]

as shown in Figure 6.4.

Q+

Figure 6.4: Polyphase filter schematic for Bluetooth system
By designing the RC time constant, the 3-dB cutoff frequency can be

obtained. However, process variation will shift the cutoff frequency and alter
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the phase difference. Such a variation would degrade the ability of image
rejection. Thus, a two-stage Polyphase filter is adopted [2]. By appropriately
choosing the RC time constant for each stage, the cutoff bandwidth can be
enlarged by trading off the amplitude (-6 dB). However, the decrease of
amplitude does not affect the image rejection and, to maintain the same
amplitude at the Polyphase filter outputs, the VCO needs to double its

amplitude such that the voltage at the mixer LO input is the same.

6.3.4 Antialiasing Filter

To prevent the high frequency component from aliasing, a low pass filter is
used to suppress it. Although the mixer outputs do provide such function, the
suppression is still not enough. Thus, another Antialiasing filter is added

between the mixer and the IF filter. Figure 6.5 shows the schematic of the

?RL RLg
Out+J I | Out_
[
In+ _“—b‘Ml Mzﬁ}_ln-

Figure 6.5: Antiaiasing filter schematic for Bluetooth system

antialiasing filter.

s
£

It is a simple differential amplifier with resistor loading to improve the linearity.
Biasing of the transistor is directly fed by the mixer output, or a huge blocking
capacitor has to be used between the mixer and antialiasing filter, as IF is 1
MHz. So, direct connection is chosen in our case. However, because the
mixer output is a large resistor loading, biasing of the antialiasing filter is no
longer 1 V. Hence, we remove the current source that is typically placed at
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the common mode point S by sacrificing the common mode noise rejection.
Also, the output resistors of the mixer has to be chosen such that the
conversion gain of the mixer is 0 dB and the output DC voltage is high enough
(in our case, it is about 0.7V) so that the transistors Miand M, are operating in

saturation region.

On the other hand, output DC voltage can be any value as long as M ; and M
are working in saturation region where Switched-Capacitor filter is used as the
IF filter, which do not depend on the DC voltage. Hence, the loading resistor
of the antialiasing filter can be large enough to increase the gain and lower

the power consumption simultaneously.
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6.4 Post Simulation Result

Post simulation is done by using Hspice with 0.35u 4 Metal 2 Poly technology,
and the system simulation is done in HPADS. Figure 6.6 shows the layout of

the Frontend.

0.3mm
« |
A
LNA

2-stage

Polyphase

Filter

0.4mm

Antialasing
Filter

v

Mixer

Figure 6.6: Layout of the Frontend for Bluetooth system

Figure 6.7 shows the Frequency response and noise figure of the LNA.
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Figure 6.7: Frequency Response and Noise Figure of the LNA
Because a high Q inductor (Q=20) is used, a voltage gain of 22 dB can be
achieved without any Q-compensation circuit and save power at the same

time.

Theoretically, lower power consumption means a higher noise figure.
However, as the noise figure in LNA is highly dependent on the Q of the
inductors. Thus, even if the transistor noise is higher, an overall noise figure

of 1.25 dB can be achieved.

Figure 6.8 shows the reflection coefficient S;; of the LNA.
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Figure 6.8: Sy, of the LNA for Bluetooth system

Due to the high Q inductors, the source degeneration inductor can be larger in
order to achieve 50 Ohms real part. This may decrease the voltage gain of

the LNA. Nevertheless, a gain of 22 dB is much more than enough in many

cases.

The Noise Figure of the Mixer done in Spectre RF is shown in Figure 6.9. The
RF input of the mixer is matched to 50 Ohm for the noise figure simulation to
obtain higher accuracy by adding an inductor at the RF input. As we can see
from the figure, the noise figure at 1 MHz (IF) is around 15 dB, which is a

typical value and it is low enough such that it can be negligibile when referring

to the LNA input.

Chapter six




(dB)

240

22.0

20.0

18.7

16.0

14.0

Single Point Periodic Steady State Response

100K

WM o W@M |

6

TV T5.3507)

Figure 6.9: Noise Figure of the Mixer

On the other hand, as our target is low power consumption, the mixer

conversion gain is — 1.5 dB from simulation. It is still an acceptable value as

the total gain of the LNA is 22 dB. Thus, the total gain is around 20 dB.
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Figure 6.10 illustrates the Frequency response and the Noise Figure of the

Antialiasing filter.
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Figure 6.10: Frequency Response and Noise Figure of the Antialiasing filter

12

The voltage gain at 1 MHz is around 9 dB. Together with the LNA and Mixer,

the total gain is around 27.5 dB, which is high enough to suppress the noise
from the IF filter.

Suppose the maximum noise figure is 22 dB, then the
allowable noise figure from the IF filter is 45 dB.
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Table 6.1 summarizes all the performances of each building block and a

system performance is provided.

Building Blocks Parameters Result
LNA Voltage Gain 20 dB
Noise Figure 1.25dB
Sn -34 dB
1P 5 dBm
Power dissipation 0.8 mW
Mixer X 2 Conversion Gain -1.5dB
Noise Figure 15.3 dB
1P 17 dBm
Power dissipation 0.2 mW
Antialiasing Filter X 2 DC Voltage Gain 10 dB
Voltage Gain @ 1MHz 9dB
Voltage Gain @ 2MHz 6.7 dB
Voltage Gain @ 9MHz -4 dB
1P 30 dBm
Noise Figure 15.6 dB
Power dissipation 0.5 mW
System Performance Parameters Result
Total conversion gain 27.5 dB
Power dissipation 1.5 mw
1P -3.9 dBm
Noise Figure 6.8 dB

Table 6.1: Performance summary of each building block and whole Frontend system
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Chapter 7

Conclusion

In this thesis, we demonstrate a simple method for image rejection filter that
can support low power and low voltage operation without degrading the
performance. Here we just tried to show our idea by using source
degeneration image rejection buffer. From measurement, the total achievable
image rejection is about 54 dB with a voltage gain of 12 dB at the desired
frequency and IIP; of 1dBm. The center frequency is shifted to 2.2 GHz due
to improper input matching. The noise figure is 5.1 dB, which can be
considered low to be used for Bluetooth applications while drawing 3.6mA
current under a single 1 V supply. As suggested before, this technique can be
combined with many other circuits, for example, combined with Mixer to form
an image rejection mixer. Future work can be done with the focus on the

possibility of merging it with the Mixer.

At the same time, we also demonstrate another ultra low power, fully
integrated CMOS Frontend for Bluetooth application. With the use of off-chip
components, the total power is under 1.5mW with a single 1 V supply, in
which a LNA, Mixer, Polyphase filter and Antialiasing fitler are included. Due
to time limitation, only post simulation is given, which shows a good
performance in terms of Gain, Noise Figure and linearity. Measurement of the
whole receiver is still in progress. As the technology scales down, which

provides higher performance transistor and more metal layers, a fully
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integrated receiver with the use of on-chip inductor can be made without

moving to some other technologies like Bipolar or BICMOS.
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