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ABSTRACT

RF FRONT-END OF A RECEIVER
FOR A 3 TESLA MAGNETIC RESONANCE IMAGER

In this study, a front-end circuitry is designed for a 3 Tesla Magnetic Resonance
Imager Receiver with UMC 0.18 pum technology. Folded cascode topology is seemed
to be the optimum design for our design specifications which are 1.2 V supply voltage,
<2 mW power consumption and <1 dB NF. For the designed fully differential folded
cascode low-noise amplifiers (FDFC LNAs), layouts are drawn and the layout of the
FDFC LNA with NMOS input pair is sent to fabrication. For FDFC LNA with NMOS
input pair; 54 dB voltage gain, 34 dB power gain is obtained. A noise figure of 0.4 dB
in schematic simulations, 0.7 dB in post-layout simulations is measured. For FDFC
LNA with PMOS input pair; 57.5 dB voltage gain, 36.5 dB power gain is obtained.
A noise figure of 0.5 dB in schematic simulations, 0.8 dB in post-layout simulations is
measured. Both LNAs have power consumption of 1.7 mW. During this study, LNA
topologies are observed and compared. Detailed analysis of circuits is done and sim-
ulated results are observed to be matching with the mathematical expressions around
93%. Consequently; design of an LNA with low-voltage and low-power requirements
heavily depends on the overall system, which means there is not an optimum design
way satisfying all of the specifications. Designer should chose one of the best circuit
topology which meets most of the application demands, that is folded cascode topology

for our case.



OZET

3 TESLA MANYETIK REZONANS GORUNTULEYICI
ICIN RF ALICI ON DEVRESI

Bu galismada 3 Tesla Manyetik Rezonans Gortintiileyici alicist igin UMC 0.18 pm
teknolojisi kullanilarak alici on devresi tasarlanmigtr. Calismanin tasarim kogullar: ¢er-
gevesinde; ki bu kosullar 1.2 V besleme gerilimi, <2 mW gii¢ tiiketimi, ve <1 dB
guriiltii faktorii (NF) olarak ézetlenebilir; devrik kaskod yapi en uygun tasarim olarak
on goriilmiigtiir. Tasarlanan devrik kaskod farksal kuvvetlendirici yapidaki LNA’ler i¢in
layout cizimleri yapilmis ve NMOS giris ¢iftine sahip devrik kaskod farksal kuvvetlendiri-
ci i¢in hazirlanan ¢izim iiretime gonderilmigtir. NMOS girig ¢iftine sahip devrik kaskod
farksal kuvvetlendirici i¢in; 54 dB gerilim kazanci, 34 dB gii¢ kazanci elde edilmistir.
Sematik benzetimlerde 0.4 dB, layout benzetimlerinde 0.7 dB NF ol¢iilmiigtiir. PMOS
36.5 dB gii¢ kazanci elde edilmistir. Sematik benzetimlerde 0.5 dB, layout benzetim-
lerinde 0.8 dB NF olciilmiigtiir. Caligma siiresince, diigiik giriltiilii kuvvetlendirici
yapilart incelenmis ve karsilagtirilmigtir. Devrelerin detayli ¢oztimlemeleri ve ben-
zetim sonuglart  matematiksel ifadelerle % 93 oraninda uyum saglamigtir. Sonug
olarak; diigiik gerilimli diigiik giicli LNA tasarim gereksinimleri agirlikli olarak sis-
temin biitiiniiyle ilintilidir. Yani en uygun tasarim yontemi diye bir kavram mevcut
degildir. Tasarimci, tasarim gereksinimlerine en ¢ok uyan devre yapisini se¢melidir;

ki bizim i¢in bu devrik kaskod yapisidir.
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1. INTRODUCTION

Electronics market demands make analog designers’ work harder in each passing
day; due to required gain, linearity, noise specifications compared to power and voltage
limits. Especially portable devices’ power limits also deal with analog and digital

circuits on same die.

MRI is an authentic technique which provides good soft tissue contrast in a
safe way since it does not use harmful ionization [1]. For an MRI device minimally
invasive procedures are required in terms of correct diagnosis and patient health. A
low noise amplifier (LNA) with already given specifications for a portable Magnetic
Resonance Imaging (MRI) system is aimed to design in thesis. The portable MRI
system is optically powered, and catheter is used for MR measurements [2]. Catheter
localization is done via a chip which actually determines specifications of this thesis.
Since the device is portable and optically powered; supply voltages is limited with
1.2 V; and obtainable minimum noise figure (NF) is required, in order to maximize the

signal-to-noise ration of the overall receiver.

However, low-voltage low-power analog design is like a small table cloth with
which you try to cover a large dinner table. Result is; always a part of the table will
not be covered by the table cloth. So throughout thesis study, subject formed itself
to a comparison study between LNAs given in literature ( [3]- [5]) to get an optimum

point for the given specifications that are listed in Section 7.1.

In Chapter 2 basics of MRI is discussed. Chapter 3 explains theoretic background
of the design specifications. Chapters 4, 5 analyze circuit topologies needed to form
LNAs. In Chapter 7 detailed analysis of the designed LNAs are done and they are
compared in Chapter 8.

In the result of comparison two merits of figure, gain and NF, are determined to

be major markers for topology. In terms of gain, folded cascode topology was really



helpful whereas it consumes much power to obtain linearity and proper DC-levels. Basic
CMOS topology is a solution for power budget, but it can not reach same amount of

gain because of linearity and stability concerns.

An other very important aim is to attain NF objective; which is required to be
below 1 dB. A good noise matching is needed to obtain low noise figure [6] and details
are explained in Section 3.1.7.1. NMOS input pairs tend to have a better matching
compared to PMOS input pairs regarding device sizes for same amount of gain and
drain-source voltages. Also UMC 0.18 pym NMOS devices have less intrinsic noise than

PMOS devices which are used in this thesis.(See Section 3.1.6)

In the light of the foregoing knowledge, in Section 7.1 four of designed LNAs are
observed to reach a design way regarding the given design specifications for the analog

designers which is sumarized in conclusion section.

This thesis is a part of TUBITAK 1001 project (108E119) and main contributions
of the designed LNAs to the project with respect to the already designed LNA published
in [2] are increased gain by an amount of 3-6 dB, decreased NF by an amount of 0.2 dB
with help of a better matching whilst providing neither advantage nor disadvantage
in terms of linearity. The only worsened case is power budget. Two of the designed
LNAs, fully differential folded-cascode LNA with NMOS/PMOS input pairs consume
1.44 mA whereas LNA in [2] consumes 1.39 mA.



2. MAGNETIC RESONANCE IMAGING

Magnetic Resonance Imaging (MRI), is an imaging technique, based on Nuclear
Magnetic Resonance (NMR), used for monitoring inside of the human body. It is
advantageous since it does not use ionizing radiation while monitoring soft tissue.
Detailed MRI images help with diagnosis of certain diseases that may not be identified
with other body imaging methods. To understand MRI, basics of NMR should be
identified clearly.

2.1. Basics of NMR

NMR is based on the movements of nuclei. Since the simplest nuclei are protons,
NMR basically works on water which consists of one hydrogen and two oxygen atoms.
Human body contains water and tissue proteins a lot which makes it suitable for NMR

technique. Throughout this chapter, nuclei are considered to be body tissue.

A nucleus with spin is mostly like a small magnet which has magnetic moment

including both magnitude and direction.

D, o
P

Figure 2.1. Nuclei with Random Spins.

As shown in Figure 2.1 natural behavior of spins is random and total magnetic
moment would converge zero. If any magnetic field By is applied to these nuclei, a
net magnetic moment will occur even only a fraction of vast number of nuclei magne-

tized [7].



Figure 2.2. Nuclei Under By Magnetic Field.

On the other hand a nucleus would naturally resonate even under static magnetic
field. Note that frequency of this resonation depends on the applied magnetic field By,

which is called Larmor Frequency.

WLarmor = 2’ﬂ—fLarmor = 730 (21)

where v is called gyromagnetic ratio which is a nuclei specific constant. Larmor fre-
quency at 3-Tesla static magnetic field is calculated to be 127.8 MHz for Hydrogen

atoms.

Figure 2.3. Nucleus Resonating with Larmor Frequency under Static By Magnetic

Field.

However, in order to have a uniform magnetic wave; the MR device used in this work
operates at 3 Tesla Magnetic Field with a frequency of 123 MHz which is the frequency

of interest for this thesis.

Due to the applied magnetic field, nuclei have same direction of magnetic moment

and same frequency of resonation, but their precession is random. Now, net phase of



the spins converges zero.

Figure 2.4. Nuclei Resonating with Different Phase.

2.1.1. Free Induction Decay

Let us consider the applied static magnetic field is in Z-direction; so, total mag-
netic moment becomes My. If an RF pulse (RFpuse = Bisin(wrt)) is applied to the
nucleus at Larmor Frequency; energy state of each nucleus would change, since at res-
onance frequency maximum energy is transferred. The major stimulus is; they would

precess in the same phase. Generally By > Bj.
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Figure 2.5. Nuclei Phase Behavior Under RF Pulse.

RFE Pulse

O 5 s

As seen in Figure 2.5, with an applied RF pulse nuclei gain energy, and they flip
over -7 direction. The time it takes net phase to be 90° is called Ty9o and the time it

takes net phase to be 180° is called Tigge.



After RF pulse, these nuclei will relax and turn their equilibrium state shown
in Figure 2.4, since By still stands. Relaxation signal characteristic is called Free
Induction Decay (FID), and it is the main signal that will be observed. Decay time

gives information about the tissue.

Figure 2.6. FID Signal in t-domain.

If this relaxation flux of nuclei is measure via an antenna, observed signal v(t)
heavily depends on the size of the antenna. FID signal which gives characteristic
of tissue will be in Larmor Frequency. So, aim of this thesis is to design front-end
circuits regarding this basic knowledge of MRI applications. Output frequency of the
MRI device determines our operating frequency which is 123 MHz and output signal’s
amplitude determines our system’s input voltage range which is received by roughly

4-6 mm? of antenna and is around 50-100 pV.



3. DESIGN SPECIFICATIONS

Today’s technology includes both analog and digital signals in many applica-
tions. Low voltage, low power analog design is a competitive field of electronics due to

shrinking dimensions of devices and supply voltage.

On the other hand, chips that involve both digital and analog circuits may require
separate supply voltages, because mostly analog circuits operate with higher supply

voltages than digital circuits. Separate supply results in high cost chips.

Lowering supply voltage cause output swing problem; since, threshold voltage
does not shrink proportionally with device sizes. Also it is getting harder to form
reasonable currents with low supply voltages. that would lead to noisy currents in

analog designs.

There are several limitations of low voltage applications. Throughout this chapter

basic limitations and sources of these limitations are defined shortly.

3.1. Noise

Noise performance of a circuit determines two limits of the specifications; the

lower limit of device sizes and the upper limit of available gain [8].

There are two main noise concepts; inherent noise and interference noise. Inter-
ference noise is caused by signal interference in the circuit and may not be random,
whereas inherent noise is caused by device and it is random. We are mostly interested

in random inherent noise.



3.1.1. Noise in Time Domain

If noise is random, then mean value of the signal is zero in terms of both current
and voltage noise. While taking the mean value of a random noise signal, the root

mean square value of noise signals is considered.

1 T
Vn(rms) = ?A 'Un(t)gdt
I
In(rms) = T/O ’Ln(t)zdt (31)

It is obvious that a long T would lead to a more realistic RMS value. RMS value of a

noise signal defines its normalized power dissipated on 1 €.

Vn2 rms
Pictivered = 1(—9) = VnQ(rms)

Pactiverea = Ii(rms) 1Q= Ig(

rms)

3.1.2. Noise Summation and Correlation Coefficient

If two voltage noise sources assumed to be summed as shown in Figure 3.1;

Figure 3.1. Voltage Noise Summation.



then

Unt(t) = vp1(t) + vna(t)

V2 1 /T ( (t)
nt,rms Un1
t, T 0

2 _ 2 2
v, - an,rms + Vn2,

+ vna(t)) 2t

rms + % /0 (Un1 () + vpa(t)) dt.

Correlation coefficient is defined as in Equation 3.3.

C:

L[ (v (t) + vaa(8)) dt

an,rms .
2
nl,rms + Vn27rms + 20 an,rms . Vn2,rms

V2 — V2

nt,rms

Vn2,7’ms

(3.3)

It is obvious that —1 < C' < 1. If C' = +£1 signals are said to be fully correlated; whilst

if C' = 0, signals are said to be uncorrelated.

3.1.3. Signal to Noise Ratio (SNR)

Signal to noise ratio (SNR) is a parameter to measure how much signal is cor-

rupted by noise. It is apparent that SNR value is required to be higher than 1.

SNR =

SNR;p =

SNRp =

SNRsp =

Using SNR values, a term called noise factor (F) is defined.

Psigmzl
Pnoise
Psignal
10 1 < signa )
o8 Pnoise

V2
10 10g signal,rms

V2

noise,rms

20 log <Vtsignal,7"ms)

‘/naise,’rms

SNR;,

B SNRout
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Another term called noise figure (NF) is defined as in Equation 3.6. NF deter-
mines how much noise is added to the signal in the circuit. Note that SN R,,; would

be smaller than SN R;,.

SNR;,
SNR,u.

NF =10 log ( ) — SNRinas — SN Row.as (3.6)

3.1.3.1. Noise Factor in Multistage Amplifiers. Understanding multistage amplifier’s

noise factor behavior is important, since first stage of an overall system is designed in
this thesis. Let GG; and G5 be the power gain of the staged of the two stage amplifier

as shown in Figure 3.2. P,; and P,y are the noise powers added in amplifiers [9].

7 —O0
First Stage - Second Stage
Na
P G, — G, Pow —»
O——— Fa B O

Figure 3.2. Noise Factor of a Two Stage Amplifier.

PNz == Glem‘f‘Pnl

PNout = G2PNCE+PTL2

Prnow = G2G1Pyin + GaPy1 + P (3.7)
Ps;,, / Pyi
F = Sm/ Nin
PSout/PNout
Fo— PSin/PN'm
(G1G2P5in)/PNout
P P P
F = __ “Now _ 1+ nl + n2
GlGZPNm PNinGl PN@nG1G2
F,—1
F = F+ = (3.8)
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F} and F; are the noise factors of first stage and second stage respectively. If the

result is generalized,

F2—1+F3—1+ F3—1
Gy G1Gy  G1GoGs

F=F+ (3.9)

It is apparent that noise factor of the first stage (receiver stage of MRI system) con-

tributes to the system effectively.
3.1.4. Noise in Frequency Domain

The two terms, power spectral density and normalized noise power, should be
known to understand frequency analysis of noise. Power spectral density is the power
of the noise signal over a 1 Hz bandwidth; its unit is V?/Hz. Normalized noise power
is the mean squared value over a 1 Hz bandwidth; its unit is V/v/Hz.

3.1.5. Noise Sources of MOSFET

3.1.5.1. Thermal Noise. If a noise signal has a constant spectral density all over the

frequency band, then this signal is said to be white noise.

Thermal noise is generated by random electronic motion related to the temperature of
the room. It is a white noise, since it is dependent on temperature and independent of
frequency. Thermal noise is modeled by a noisy resistor. Equivalent circuits are shown

in Figure 3.3.
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R@?

=S

(a) Voltage Source Thermal Noise (b) Current Source Thermal Noise

Model. Model.
Figure 3.3. Thermal Noise Models

Power spectral density of thermal noise is [IV?]

Py, = kTAf (3.10)

where k is the Boltzman Constant [1.38 x 10723J /K], T is temperature in Kelvin and
Af is the bandwidth of the signal in Hz.

V2
P = KTAf=-"
V2 = 4kTRAf [V (3.11)
iZ = 4kT}%Af [A?] (3.12)

Thermal noise on a 1 kS resistor at room temperature is 4 nV/v/Hz. MOSFET drain
current leads to thermal noise due to drain-source channel resistance. Thermal noise

of MOSFET’s channel is given by the Equation 3.13.

2, = 4kTvgasAf [A?] (3.13)

’ndth
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where g4 is drain-source conductance [U] and 7 is a coefficient whose value depends
on basic device parameters and bias conditions. In long devices 0.67< ~ <1, whereas
in short channel devices v can even rise up to 2-3. Due to higher electric field in short

channel devices, carriers cause more heating and as well thermal noise [v/'V].

Thermal noise on channel, capacitively couples itself to gate terminal of the device
which is negligible at low frequencies but can be important at RF frequencies. Since
Larmor Frequency of 3-Tesla MRI system is in ultra high frequency (UHF) band as
explained in Chapter 2; this noise source is effective. So; thermal noise of channel and

gate are correlated. Note that thermal noise in gate is frequency dependent.

2. = 4kTog, Af (3.14)
_ v
90 = 5gds

where ¢ is gate noise coefficient.

3.1.5.2. Shot Noise. Shot noise is generated by electric charge packets flowing through
the channel; which means it is directly proportional to the biasing of the device and
independent of frequency.

2, = 2qIpcAf (3.15)

where ¢ electronic charge [C].

Shot noise of a device biased at 1 mA is approximately 18 pA/+v/Hz.

3.1.5.3. Flicker Noise (1/f Noise). Main source of 1/f noise cannot be described ex-

actly; but it is generally assumed that flicker noise is cause by traps associated with
contamination and crystal defects. These traps capture and release the carriers ran-

domly; so this noise exits in all active devices.
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Main idea is spectral density of this noise degrades with rising frequency. Math-

ematical derivations are done empirically for flicker noise [8].
3.1.6. MOSFET Noise Modeling

As already explained MOSFET has three main noise sources. But major noise

sources that dominate are thermal noise and flicker noise.

Thermal noise of a MOSFET is

ing,, = 4kTyga Af.
However if MOSFET operates in active region the channel is not homogenous so ther-
mal noise source becomes

- 2

i, = 4kT§gmAf. (3.16)
For easy calculation, Thévenin equivalent of thermal noise source at gate of the device

can be obtained.

— 21
On the other hand, gate thermal noise should be taken into account which couples itself
through Cj,. Its current noise source formula is given in Equation 3.14. If Thévenin

equivalent is taken, then

A4ETSAf
%gth = (3.18)
9y
So total thermal noise becomes
—_ 21 4kETHNA
VEomgerm = T2 f 4 HLES (3.19)
! 3 gm 9y
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Flicker noise of mosfet is modeled as a voltage source at gate of the device; and
given for MOSFET as in Equation 3.20.
K

U%/[osfetf = WLOgmf (320)

where K is a technology dependent constant, W is the device width, L is the device

length and C,, is the gate capacitance per unit area.

It is obvious that large devices tend to have less flicker noise. Total noise at gate

terminal is calculated to be

K 21 AKTOANf
1% = ——— +4kT-—A . 3.21
Mosfet WLOgmf + 3gm f + 9 ( )
Viios set 18 called input-referred noise of MOSFET.
o
v.i[osfet
0—@—{ Noiseless Device
o

Figure 3.4. Noise Model of Mosfet.

Regarding the definitions of noise sources of a MOSFET, a noise figure charac-

teristic as seen Figure 3.5 is expected.
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NF (dB)
A

1/f Noise dominates

Induced gate thermal
noise dominates

Thermal Noise

~/ (Hz)

Figure 3.5. Noise Figure of MOSFET vs. Frequency.

But when simulations are done to determine UMC 0.18 pym MOSFET noise char-
acteristics of both PMOS and NMOS, Figure 3.6 is obtained.

2EZ
— VDS$=0.100000
W %Ej— — VDS$=0.300000
0 & £ ———  VDS=0.500000
5E1 W
=i 8 VDS=0.700000
=
3E1 Z _ \/DS=0.900000
2E1 Imanmars man VDS=1.100000
2E2 —  VDS=1.200000
= %Ef ———  VDS$=-1.200000
I .‘."\
g 8! , ——  VDS=-1.100000
& = \\ o) ———  VDS=0.900000
3E1 i T VDS =-0.700000
2E1 T T T T T T T T T —_— VDS =-0500000
B B v O R B VDS =-0.300000
freq, Hz B VDS =-0.100000

Figure 3.6. Noise Figure Simulation of UMC 0.18 ym MOSFETsSs.
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It is obvious from simulation output that, transistors that will be used for LNA
design do not suffer from induced gate thermal noise. There is another result that 1/f
noise is dead at 123 MHz (corner frequency of 1/f noise is 1 MHz). So during this
design, following noise model of MOSFET in Equation 3.22 is used.

V2 = 4ij2 L A 22
Mosfet — gg_m f (3 )
Also note that higher biasing voltage lowers noise figure. There is not an optimum

biasing point for a minimum noise figure.
3.1.7. Noise Matching
An amplifier is a two-port network; and noise figure of a two-port network is [9]
Iy 2
F = Fpin + G—S\Ys — Y5 opt] (3.23)

where F),,;, is intrinsic minimum noise factor of the network, R,, is noise resistance, Y

is source admittance, Y, is source admittance that provides minimum noise factor

and Gy= Re{Ys}.

For a minimum noise figure Y ,,+ should be obtained. This is generally done via

a passive matching network as it is called Noise Matching.

MOSFET noise figure effectively depends on its biasing, since channel resistance
and other AC characteristics are determined by biasing. To get F,;,, NF should be
simulated versus drain current Vpg and Vgg. As already explained larger bias voltages

result in lower NF for our MOSFETs.



18

—_— WG5=0.100000
_— VE5=0.200000
em— VG5=0.300000

VG5=0.400000
A VGE5=0.500000
—_— VGE5=0.600000
A VG5=0.700000
=== VGE5=0.600000

MMOS_NF
NMOS_NF

— ¥G31=-0.800000
—  WG31=-0.700000
— WG51=-0.600000
WVGS1=-0.500000

— WGS51=-0.400000
VGS51=-0.300000

0?0 I 0?1 I 0?2 I 0?3 I 0.‘4 I 0‘5 | O.|6 I O.l? I O.|8 I O.|9 I 1.|0 I 'l.|1 I 1.2 —  ¥GS51=-0.200000
VDS —_— WGS1=-0.100000

PMOS_MNF

PMOS_MNF
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Figure 3.7. MOSFET NF Simulation of Bias Point.

3.1.7.1. Noise Matching Network. Designed LNA is connected to an antenna and it

is basically an inductor which is 282 nH with an intrinsic resistance of 5 €2. Quality

factor (Q) of this inductor at 123 MHz is

_wl
Q=—F (3.24)
Q ~ 43.6.

Let us assume a designed LNA seen in Figure 3.8. Z; is the output impedance

of matching network whereas Z5 is the input impedance of LNA.

Inductors and capacitors are assumed to be noiseless. It is obvious that antenna’s
intrinsic resistance Ry would have a thermal noise of v_% which have a power spectral
density of v2/Af. Now there is the power of signal and thermal noise power at the

input of the matching network

P, =P, + P,.
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Antenna
1< 2

| Matching o
Network

|
& ﬁ|
L

Zl

Figure 3.8. Block Diagram of Matching Network Connected to LNA.

LNA

Since passive network will be designed via passive elements it would have a transfer

function
H(w) = Az6°.
The signal at the input of the matching network will be amplified by a factor of A.
PrtNgwige = (AV5)? + (AV,)? (3.25)
(A.V,,)? will be added to the power spectral density of the input-referred noise of LNA.
If amplification is high enough, SNR system’s output would not be affected by LNA

that much.

Now system’s NF is defined such as in Equation 3.26.

21/2

AV , + V2
NF = 10 IOg ( matching—network n LNA> (326)
A2V2

matching—network

For passive network just a capacitor is used such that it would also resonate with

the inductor at 123 MHz which is the frequency of interest.
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It is also known that maximum available gain occurs in an RLC' circuit when

resonance occurs [6],

1
A= 3.27
\/(1 — wr RCQ)?*(w RC)? ( )
Amaz = Q (3.28)
when
1
= wl
jwC Jw
wo = L (3.29)

L = 2822107°, = =123 x 10° Hz
2T

C ~ 59pF.

On the other hand, this passive network will be connected to LNA input. To
obtain available gain of passive network; Z, which is defined as LNA input impedance
should be infinity. So for a good noise matching; there is a second requirement such

that Zy = oo (See Appendix A).

All designed differential amplifiers’ input MOSFETSs are in common source con-
figuration (Section 7.1) which means they have a pure capacitive input. Capacitive

input helps to obtain infinite input resistance.

Designed LNAs’ input-referred noise sources are all defined and detailed NF anal-
ysis is done in Section 7.1. But final matching network is seen in Figure 3.9 where C}

is resonating capacitor, Cy and (3 are DC-block capacitors.
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Ll C
s

N

Figure 3.9. Noise Matching Circuit.

3.2. S-Parameters

Systems can be identified via various parameters regarding system properties such
as z-parameters, y-parameters and h-parameters. Scattering parameters (S-parameters)
is one way to define input-output characteristics of a two-port system at high frequen-

cies. Let us define a two port system as shown in Figure 3.10;

Zl Z2

Einl O NVW— —\VW\-O L n2
Two Port System

E, o— ——©F

r r2

Figure 3.10. Two Port System at High Frequencies.

Inputs and outputs are defined in terms of incident and reflected voltage waves [10].

S-parameters are defined as;

by = S11a1 + S12a2

by = Sa1a1 + Sazan (3.30)
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where
ay = Eml/\/ Zy
Ay = EmQ/\/ Zs
by = Erl/\/ Z1
b2 == ETQ/\/ ZQ. (331)
So
b
Si=—
a1 | Z;=0
b
So = =
a1 | Z2=0
b
S = —
as | Z1=0
by
522 = — (332)
ag | Z1=0

where s;; is the voltage reflection coefficient of port 1, si5 is the reverse voltage gain,
s91 is the forward voltage gain and s9s is the voltage reflection coefficient of port 2.
S-parameters are important in terms of determining major system specification such

as gain and stability.

3.3. Stability

Designing RF amplifier requires great attention on stability. The most effective

way to see if a circuit would oscillate or not; is to calculate its Rollett’s Stability factor

which is known as K, stability factor [9].
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K L= 1Suf — |5l + AP
2|312521|

(3.33)

|A] = [511522 — 512521 (3.34)

A two-port system is said to be unconditionally stable if K> 1 and Si;, Sy < 1.

Stability factor also helps us to calculate maximum available gain which is

S

G (K = VE? 1), (3.35)

Guax =
It is obvious that if K< 1, than maximum available gain becomes infinity. Also K= 1
states maximum available gain which is

S
Guax = S—‘” (3.36)
12

3.4. 1-dB Compression Point

1-dB compression point is a metric used for extracting linearity of an electronic
system which depends on the input range of the system/device. Increasing input would
eventually cause system to go in saturation in terms of gain. The input power which

causes a 1 dB gain loss is called 1-dB Compression Point [9], shown in Figure 3.11.
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Figure 3.11. 1-dB Compression Point of a Non-linear Amplifier.

3.5. Intermodulation Distortion
Intermodulation distortion is a way to measure linearity of a system/device under
two inputs of different frequencies. In order to make this analysis two inputs with
different frequencies are applied to the input; and outputs of 3™, 5" and 7*" order

products of these inputs are measured.

Let us describe a non-linear circuit’s transfer function in Taylor series expansion

f(z) = ag + a1x(t) + apa®(t) + asz®(t) + agz®(t) + ... . (3.37)

If we define a term as the ratio of the third order product to the carrier signal as

IM3; and then imply two inputs as

x(t) = Usin(wit) + Usin(wat). (3.38)
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4@3
[M3:—‘—¢U2 3.39
312 (3.39)

It is obvious that with an increasing input, IM3 will increase much faster than
the fundamental signal. The amplitude where IM3 equals to 1 is called input referred
third order intermodulation intercept point (IIP3).

3 aq

[IP3 = Z_‘ (3.40)

a3

For each 1 dB increase in the input power, the third order products will increase
3 dB. IP3 is a figure of merit that determines the circuit’s tolerance to multi inputs
outside the desired band. It is also a good way to measure the linearity of the device.
The input power up to IIP3 will give us the input range where the device acts more

linear.
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4. CURRENT MIRRORS

Current mirrors are major building blocks in analog design. Depending on the
output current direction they can be used as current sources or current sinks. An ideal
current source is defined as; a component which supplies constant amount of current
regardless the voltage drop between its terminals. This definition connotes infinite

output impedance as seen in Figure 4.1;

Vi

out

V.

o out

Figure 4.1. Ideal Current Source Output Characteristic.

While designing a current mirror, to obtain high output impedance is one of the
major specifications. Secondly, in order to get large output swing, low output voltage is
required. Throughout this chapter, circuits supplying these demands are investigated.

4.1. Basic Current Mirror

Basic current mirror topology is seen in Figure 4.2.

Vas1 = Vbsi

Vbsi > Vasi — Vim

It is seen that M, always operates in active region. M; structure is also called diode

connected transistor.
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Voo
G> Iref
I out
Ml I I M 2 Vout
VS S VS S

Figure 4.2. Basic Current Mirror Topology.

Assuming M, operating in saturation and transistors M; and M, are matched,

then
1w
]Dl - §fﬂncom<VG51_‘/th)2
1w
Ipy = §funoox(VG52—Vth)2
(W/L),
I = —. 4.1
2= WD), 41

Main idea is V551 copied to Ve and if transistors are matched Ip; = Ipy is obtained.
On the other hand; if finite output resistance is taken into account, the transistor with
larger Vpg would have larger drain current. In other words, a mismatch would cause

unequal drain currents that would result in different Vpg values.

Output resistance of this current mirror simply equals to r4s. So, keeping M5 in
saturation also enlarges the output impedance. Output voltage becomes; V,,; = Vpso.
Basic current mirror structure is good in terms of low output voltage, but it has a

major disadvantage of low output impedance.

Output characteristic of a basic current mirror is seen in Figure 4.3. Simulated
basic current mirror has a supply voltage of 1.2 V and W/L; = W/L,. 0.1 mA reference

current is mirrored to the output.



28

0.00015

0.0001 0_: i

lout (mA)

-0.00005 | | | | |
00 02 04 06 08 1.0 1.2

Vout (V)
Figure 4.3. Basic Current Mirror Output Characteristic.

4.2. Cascode Current Mirror

Cascode current mirror seen in Figure 4.4 is designed to have high output resis-

tance [11].

__VDD

IREF
C\LD IOUT
M, I M,
v, F—— .
Vs Ves

Figure 4.4. Cascode Current Mirror Topology.

Tout = Tds4[1 + rdsQ(gméL + gds4)] X TdsaTds29ma (42)

Vour = 2Vps+ Vi, (4.3)
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Output characteristic of a cascode current mirror is seen in Figure 4.5.

0.00012 : :
000008 /oo
000008/
000004+ o

0.00000-
00 02 04 06 08 10 1.2

Vout (V)

lout {mA)

Figure 4.5. Output Characteristic of Cascode Current Mirror.

0.1 mA reference current is mirrored to the output with unity gain which means

W/L, =W/Ly = W/L3 = W/Ly4. Supply voltage is chosen to be 1.2 V.

High output impedance of cascode current mirror results in high gain in many
stages. But cascode current mirrors suffer from low output swing due to their high
output voltage requirement; such that they are not feasible in low voltage applications.
Threshold term of output voltage cause a significant loss in voltage swing when current
mirror is used as an active load. Also if there is body effect in the circuit, threshold

voltage may even get higher.

It is apparent that output voltage should be made smaller while keeping the
output impedance high. One way to obtain this circuit requirement is to do level

shifting such as in Figure 4.6.

The circuit seen in Figure 4.7 is designed to perform the level shifting. Transistor
Mg does level shifting since it is a source follower. Disadvantage of this configuration

is the extra current that will be used in the level shifter branch.

Tout = TdsaTds29m4 (44)

Vou = 2Vps (4.5)
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Figure 4.6. Level Shifting Method for Cascode Current Mirror.
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Figure 4.7. Level Shifting with Source Follower.
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For a good level shifting device sizes gain importance. In Figure 4.7 M3 has different
sizing than other transistors. Making its device size W /4L doubles its Vpg. In other
words; if its sizing would be same with the others, M; would have no drain-source
voltage, such that it would not operate in active region; and high output impedance
could not be obtained. Note that, in this analysis body effect is not considered. When
body effect considered, sizing of M3 should even be smaller to obtain higher overdrive

voltage [11].

A level-shifted cascode current mirror is simulated with a supply voltage of 1.2 V.
Device sizes are chosen to be equal whereas Mj is chosen to be W/4L, as explained

above. 0.1 mA input current is mirrored to the output.

0.00012

0.00010—

0.00008 —

0.00006 —

0.00004 —

lout (mA)

0.00002 —

0.00000 —

-0.00002 i i i i i
0.0 0.2 04 0.6 08 1.0 1.2

Vout (V)

Figure 4.8. Output Characteristic of Level-Shifted Cascode Current Mirror.
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5. AMPLIFIER TOPOLOGIES USED in LNA DESIGNS

Two basic topologies, differential pair topology and folded cascode topology are

used in designs. In this section these topologies are examined.

5.1. Differential Pair

Basic differential amplifier consists of two matched transistors M; and Ms, two

matched loads Rp; = Rps = Rp, and a current source Ip;,s.

Vdd

§RD RDg

V&1 E » . El VG2

Ibias

Figure 5.1. Basic Differential Amplifier Configuration.

If a perfect match is assumed between M;-My, Rpi;-Rps and a common-voltage is

applied to the gates of M; and Ms, then

Vasi = Vase = Vom

Vie = Vas1i —Vgs2 =0

[bias
2

Vbsi = Vbse (5.1)
Voa = Vbs1 — Vpsa2 = 0. (5.2)

]Dl - ]DQZ
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It is obvious that differential pair suppresses common mode signals. On the
other hand; if a differential mode signal is applied to the amplifier it will be seen that

a differential output can be obtained.

Ves1 = Via,Vasa =0
Ip1 = lpias, Ip2 =0
Vb = 0
Voo = Vp1—Vp2=Vp (5.3)

If body effect is not considered, then drain currents are defined as [12];

. Ibias [bias Vid Uid/2 2
- e b ()
Ty T, Vi

[bias Ibias Vid 1 < Uid/Q ) 2

5 VD v (5.4)

D2
Note that iDl + iDQ = Ibias-
5.1.1. Differential Gain and Common Mode Rejection Ration (CMRR)

If differential input is applied, and output is taken from one drain V,,; = Vpgy or
Vout = Vpso it is called a single-ended differential pair; whereas if output is taken from
both drains V,,; = Vps1—Vpsa or Ve = Vpsa —Vpst then it is called a fully-differential
pair. Voltage gain of these topologies are defined as [12];

1
Asinglefended = _EgmlRDeq (55)
Afullyfdifferential = _gmlRDeq (56)

where Rp, is the equivalent resistance seen at drains of the transistors.
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Another important metric of differential amplifiers is common mode rejection
ratio (CMRR) which helps to determine how good common mode signals are rejected.
Mathematically CMRR is defined as the ratio of differential mode and common-mode

gain.

Aqg
CMRR = | ‘
A, is defined as
Rp
Aen = )
2R,

where R, is the output resistance of the current source. Due to parallelity of sources
of My and Ms; its effect on one half circuit is 2R,,. In differential-mode operation
drain currents are complementary; which means no differential signal passes through
Rgs. As a result R, has no effect on differential gain. In other words; the node where

source terminals are connected is called virtual ground.

CMRR = ‘ ‘ — gt Res (5.7)

Ag
ACTTL
If a perfect match is assumed and output is taken differentially; then, CMRR=0cc. If

there exists a mismatch between drain resistors,

Ad A}%D
CMRR = | =% | = 2,01 R, . 5.8
A Im1 Ry (5.8)
If there exists a mismatch between input transistors,
Ad Agm
CMRR = | =% | = 2,1 Ry, /=22, 5.9
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5.1.2. Differential Pair with Active Loads

Drain resistances has negative effects on differential pair in terms of chip area
and DC voltage limit. To overcome these problems active loads are used. If PMOS
active loads are used with NMOS input pairs or vice versa, then the structure is said

to be a CMOS differential pair.

| bias
O

I’)'

ourl

bias

S5

Figure 5.2. CMOS Differential Amplifier with Active Load.

Gain formula given in Equation 5.6 remains same. Now equivalent drain resis-
tance should be determined. Since the node where sources of M; and M, is said to be

virtual ground; there exists parallel resistances between drains and ground.

RDeq - routl//routii - Tout2//rout4

Afullyfdiﬁerential = —9m (routZ//rouM) (510)
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In terms of common-mode gain Rpe; # Tout2//Toutsa, because Ry comes into

account as already explained.

1

Ayy = ——— 5.11
ngles ( )

A
CMRR = A d ‘ - [gmlroutl//routi‘l] [29m3RSS] (512)

5.1.3. Frequency Analysis of CMOS Differential Amplifier

Since designs are done with active loads, frequency analysis of differential am-
plifier with active load is investigated. Since we consider differential response of the
pair; in Figure 5.3, high frequency equivalent model of half circuit is seen in differential

mode.

NMOS | | D05 pios | | Gropos

I é I .
Vs s b 4 —L
R C * 1% rdf;\uos Ve Fas s C, PM: [, 56 pecs

GS g m

Sf\ﬂ'f 0S. PMOS — —_—
CDB NMOS CDB PMOS Z

Figure 5.3. High Frequency Equivalent Model for Half Circuit of the Differential Pair.

Zout = (TdSN]WOS//TdSPMOS) + jwc@q (5'13)
Ceg = Cyaz + Cpaz + Chsa + Cyas + Cpaa + Chsa (5.14)

If the circuit is loaded by another capacitance C',

OLtotal - Ceq +CL. (515)
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Transfer function of the pair is now defined as

A (—gm1 Rout) ! L s (5.16)
fully—differential = (—gm1Llout ( > < CT: ) :
L4 sCLRou/ N 14 5222

Dominant pole of the circuit becomes

1

ut—o = 5.17
Jeut—ofrif 27Cr Rom (5.17)

The frequency at which gain becomes unity is defined in Equation 5.18 [8]. Unity
gain frequency is important in terms of determining stability as will be explained in

Section 6.1.

funity = Afully—differential . fcut—off,lf (5 . 18)

5.2. Cascode Gain Stage

Cascode stage actually consists of two different stages one operating common
source, the other operating common gate; and behaves as an amplifier by itself. Due

to its popularity cascode amplifier is called as cascode stage as if it is just one stage.

Cascode stage is popular because of its high gain, high output impedance and
good input-output isolation properties. DC voltage level of the input transistors is
limited by the common gate structure; therefore short channel effects are reduced due
to lower electric field. A telescopic cascode gain stage is shown in Figure 5.4. Transistor
M, operates as a common source stage while transistor Ms operates as a common gate

stage.
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Vout

Vbias

Q—u—]Ew

Figure 5.4. Telescopic Cascode Stage.

Output impedance of a cascode stage is

Rout = Gm2 [Tdsl-TdSQ]' (519)

If a differential amplifier is considered as in Figure 5.5 which is also called a

telescopic cascode fully-differential amplifier.

Gain of this differential amplifier is again A, = —@g,n1 Rour but now output resis-
tance is extremely high compared to basic CMOS differential pair. So, in terms of gain

telescopic cascode amplifier is advantageous.

It is obvious that telescopic differential pair has bad output-swing since on one
DC line there exist four MOSFETs. If current source is also used a cascode current

mirror, this number would increase.



39

Figure 5.5. Telescopic Cascode Fully Differential Amplifier.

To solve output swing problem folded-cascode stages are used. Basic folded cas-

code gain stage is seen in Figure 5.6.

VDD
1
Vi Viias
o -
VSS

Figure 5.6. Folded Cascode Gain Stage.

Folded cascode stage is taken its name since the current g,,1V;, is folded when it passes
through Ms. Output resistance is same as given in Equation 5.19. Again gain of this

stage is defined as A, = — g1 Rout-

Frequency analysis of folded cascode stage is done in Section 7.1.1.
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6. FEEDBACK

Understanding the main idea of feedback is important for a good circuit design.

In this chapter negative feedback is considered.

Negative feedback is advantageous since it stabilizes overall gain against changes
in the active devices caused by such as temperature, voltage supply variations, transis-
tor aging. On the other hand negative feedback reduces gain which can be compensated
by extra gain stages. Actually potential problem of negative feedback is that undesired

oscillations may occur.

X3 A(s) X

our

P

Figure 6.1. Block Diagram of a Feedback System.

Let H(s) be closed loop transfer function, then

A(s)

H(s):m.

(6.1)

where A(s) is called open-loop transfer function. If we make SA(s) product very much

larger than unity, then

H(s)~1/p. (6.2)

Feedback network is generally realized via linear and passive elements such as
resistors. As a result closed-loop transfer function would be linear although open-loop

transfer function is not.
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The very important advantage of feedback is that it helps the overall system to

be insensitive to the various distortions.

dH (s) d { A(s) }

dg dB | 1+ BA(s)
. H  A(s)
~ dB1+BA(s)
dH(s) __dp A(s)
H B 1+ BA(s)

Changes in closed loop gain due to changes in open loop gain related to temperature,

device non-linearities are extremely suppressed.

Now let us consider A(s) as a one pole transfer function, then

A = T
/(- s/p)
H(S) = Fao/ = s/m)
ag 1
= TrafrL

p1 aof

So, feedback increases bandwidth of the system. It does not provide more gain at high

frequencies, whereas low frequency gain is reduced.
6.1. Stability of Systems with Feedback
Major problem with feedback systems is the stability concern. If gain of the
system exceed, then instabilities may occur. One way to measure stability of the

system is measuring the phase and gain margin of the system.

Stability is determined via the poles of the systems as shown in Figure 6.2. So,

if closed loop stability is searched P(s) should be analyzed.

P(s) =1+ BA(s) (6.3)
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Xin;'—i)_ A(S ) Xout

— B

Figure 6.2. Poles of the Feedback System.

First step is to cut the system through feedback and apply a sine wave at the
non-inverting input of the summing node. Output is taken from the open node where

loop was broken. At the output node now exists F'(s) = SA(s).

If BA(s) = —1, then

System is said to unstable in this condition. This occurs when

BAG)| = -1
ZBA(s) = 180°.

6.1.1. Phase and Gain Margins

As already mentioned; in order to measure a closed-loop system’s stability we
need to see the angle and magnitude of the product SA(s). Gain and phase margin
helps us to determine if a system is BIBO (Bounded Input Bounded Output) stable or

not.
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Gain margin of a closed loop system is defined in Equation 6.4. w, is the frequency

where ZSA(w,) = 180°.

1
GM = (6.4)

Phase margin of a closed loop system is defined in Equation 6.5. w, is the fre-

quency where 1/|8.A(w.)| = 1. A phase margin of 30° — 60° is acceptable.

PM = 180° 4+ ZBA(w.) (6.5)

ABA(s)|, dB

WP A(s)

00

180°

Figure 6.3. Gain and Phase Margins.
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6.2. Compensation

Main idea of compensation is to differentiate the phase margin and gain margin
such that phase margin performance of the overall circuit improves. Since two stage

LNAs are designed in this thesis (Section 7.1), compensation is considered for two-stage

Gain S@ I/ouz‘ 2
O_

e

fully differential amplifiers.

/

N

O -~ 40

+

Figure 6.4. Two Stage Fully Differential Amplifier with Negative Feedback.

One way to compensate a two-stage Opamp is to do Miller compensation (may

also be referred as pole splitting compensation) as seen in Figure 6.5. A compensation

R Ce

N\ L

- -
LNA> V. .| Gain Stage V. .
+ —

-
e

C

O <~ +0

Figure 6.5. Miller Compensation.

capacitor is included to the circuit such that dominant pole frequency decreases whereas
non-dominant pole frequency increases. Detailed analysis of Miller compensation is

done in Appendix B.
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6.3. Common Mode Feedback

Common mode feedback (CMFB) is used to set common mode signals in a fully
differential amplifier, which is DC output level. CMFB stabilizes fully differential
amplifiers common mode signals by means of adjusting output currents which cannot

be done by differential negative feedback. Basic idea is shown in Figure 6.6;

Vop Voo
| |—W | Vsias
M,
3 4 V. = V::m.oul + V::moull
V.’?ul V.’w(l
L0 o Common

Mode
Detector

Glo—| |:M1 sz '_OVG2

VSS
Figure 6.6. CMFB Block Diagram.
Two common mode output DC levels are averaged and V,, is generated, then Vj;, is

set to a desired value via an error amplifier. Vj;,, is used for biasing active loads of the

fully differential stage, such that output current and voltage would stabilize.

For a voltage amplifier common mode diode connection can be used; and V,,, can

be obtained by two resistors as seen in Figure 6.7.
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VDD VDD
MBJV\/E\/»M4
Vbias = ch
Rown R
Vou2 0 —OV,.

Vmo_{ |: M, sz I—oVGz

bias

Figure 6.7. Resistive CMFB.

This connection ensures Iy, = Ip1 + Ipo

There are two main disadvantages of resistive CMFB; increase of chip area since
high resistances are needed, decrease of gain since circuit is extra loaded. Let us

consider the circuit seen in Figure 6.8.

v DC
- SRC4
= Wdc=1.2V
T
g
g
vl
widd | |
| 1
UMC_18_PMOS Wik umE_18_PMOS MM
i3 hi4
Type=p_kv_18_mm Typp=p_lv_18_mm
itotal=125 um Witdtal=124 um
bw=2.5um w=1.5um
=05 um =0 um
_ =50 ri=fo
v e AR A
I— SRC2 - R
= Vie=0.8Y Remibt Remibz
-F- ¥l R=10 kohm R=10kohm |2
= R
R1 R2
R=300 kOhrn R=300 kOhm
Il | 1
w1 L) 1 E‘_ﬂl I”ﬂ I"_
DC_Block g .
+] YAC O DC_Block UMC_18_NMOS_M Lo UMC_18_NMOJ_MM
5RO " SRC3 2
@ ac=polar(l,0) v Type=n_lv_18_mm Ide=0.6 mA Type=n_lv_18_fnm
T Frecsfreq Witntal=250 urn Wttt l=2 50 ur|
iz we=2.5 um w=2.5um
11 I=0.5 um = I=0.5 um
! Trf=-tG f=rtH
O _Block
DG Block?

Figure 6.8. Resistive CMFB Example.
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Wl Wl Ibias
m = nCom_[ - nCox_ ~ (0.0076 O
gmi1 \/M I D1 \/u I, 2
1 1
51 = = ~ 7.5 kQ
et Mpr  Myias/2
1 1
Tds3 = ~ 18.8 k2

)\IDZ - /\Ibias/2
Av = gml(rdsl//rdsfi) ~ 40.8 ~ 32 dB

But when simulation is done the obtained gain is much lower than expected as seen in

Figure 6.9.

3E1 m'1
mn 2E1
°
<
m1
freq=1.001MHz
1E1 dB(AC.v1-AC.v2)=28.392
| | |

| |
1E3 1E4 1E5 1E6 1E7 1E8 5ES8
freq, Hz

Figure 6.9. CMFB Example’s Simulation.

This much of gain reduction is not surprising since common mode feedback re-

sistors are comparable with the output resistance of Ms.

R
G cmfb D
—\

r s
% ngSG g <-‘ R .
+ ou
S

Figure 6.10. Equivalent Circuit of Active Load with Resistive CMFB.
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Rout = Rcmfb//rds (66)

Let us calculate gain of the differential pair with CMFB under this circumstance;

[ias
Gm3 = 2% ~0.0030

ov3

Rowss = (10 kQ//18.8 kQ) ~ 6.5 kQ

Ay = gmi(rast//Rows) =~ 26.5 ~ 28.4 dB

If Rem would not be comparable with 743, for instance Renp, = 100 k€ gain
becomes A, =~ 28.67 ~ 31.7 dB. This result converges to the gain without CMFB.
But, using high resistance would reduce the capability of averaging DC output levels.

So, in our designs 10 k(2 resistances are used.

To avoid gain loss, another common-mode sensing method should be developed.
There are various CMFB circuits for voltage amplifiers for those who are interested
[11], [13], [14]. But for our case; since current budget is limited, an extra feedback
circuit means extra dissipated power. So CMFB is done via resistances with loss of

gain and chip area. The advantage of resistive CMFB is that, linearity is not effected.
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7. LNAs in LITERATURE and DESIGNED LNAs in THIS
THESIS

In literature, LNA design is mostly considered for operating frequencies of mi-
crowave or above whereas noise mostly occurs at low frequencies due to 1/f noise. Our

operating frequency (123 MHz) is considered to be at very high frequency (VHF) band.

Methods derived to design microwave LNAs such as matching networks with in-
ductors, can not be used at 123 MHz. Impedance matching methods are generally
used to eliminate capacitive circuit behaviors resulting from parasitic capacitances of
transistors [15]. However; at VHF band, inductors needed to compensate capacitive
behaviors should be really high because of the low capacitance values at these frequen-

cles.

Actually there exists a gap about VHF and UHF LNA design in literature. So;
during design process mostly amplifier design strategies are applied while considering

high frequency requirements such as noise matching.

7.1. Designed LNAs

Aim of this thesis is formed by a number of specifications seen in Table 7.1. Since
a portable device is being designed, our DC voltage is limited to 1.2 V by the designed
charge-pump already published in [2]. Due to this low-voltage DC supply limit, output

swing gains extra importance.



20

Table 7.1. Design Spesifications.

Total Dissipated Power | < 2 mW
NF <1dB
Voltage Gain > 50 dB
So1 > 25 dB
Vbp =12V
Operating Frequency | = 123 MHz
PSDipput ~ -80 dBm

High output swing brings load in terms of gain, linearity, and noise figure. Con-

sequently, designs are done to obtain the optimum results for each specification.

7.1.1. Fully-Differential Folded Cascode (FDFC) LNA with NMOS Input

Pair

A two stage fully differential folded cascode LNA designed as shown in Figure 7.1.

Detailed component values are also given in Table 7.2.

First stage which provides us low noise has FDFCA topology with NMOS input
pair; whereas gain stage has fully differential CMOS amplifier topology.
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Figure 7.1. Folded Cascode LNA Design.
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Table 7.2. Component Values of Fully Differential Folded Cascode LNA with NMOS
Input Pair.

W/Li s 60 um/0.5 pum
W/Lsy |20 pm/0.5 pm
W/Lsg 4 um/0.5 pm
W/Lzs 260 pum/0.5 pm
W/Ly1o |8 pm/0.5 pm
W/Li112 | 40 pm/0.5 pm
W/Ly,, | 10 pm/0.5 pm
W/La, 110 pm/0.5 pm
W/Ly, | 20 pm/0.5 pm
W)Ly, My, | 10 pm/0.5 pm
Ry 10 kQ
R | 20 kQ
Remb 10 kQ
Rpips | 600 KO

7.1.1.1. Voltage Gain Calculations of the FDFC LNA with NMOS Input Pair. Gain cal-
culation of a basic CMOS differential stage with CMFB is already shown in Section 6.3.

A detailed gain calculation of fully differential folded-cascode amplifier is a little bit

complicated.

Note that; My and M;g are part of basic current mirror and they bias M3z 475. In
this design folded current g,,v;, would pass through M; 5 and M,¢. Output resistance
of basic folded cascode gain stage is already given in Equation 5.19. Now output

resistance of folded cascode stage becomes

Rouz‘,fC = gm3r0ut3(rdsl//rout7)- (71)
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Output resistance of overall FDFC stage becomes [16]

RoutfC = Gm3Tout3 (rdsl//rout7>//rds5 (72)
Tout3 = 7adsS//Rcmfb
Towtr = Tds’?//Rcmfb'

Gain is as usual g,,1 Rou:- Due to low DC-voltage limitations a cascode current mirror

cannot be used in this design. This would limit our output swing.

On the other hand; all MOSFETSs needs to have proper Vpg and Vg voltages to
remain in active region. First of all; proper Vpg voltages are set for various biasing

currents since we do know; V,, = 2Ip/+/2u,(W/L)CouIp.

Biasing currents are determined via current mirrors formed by M c2 .3 and Msg.
Input pairs M 5 are biased with 1.05 mA via M., such that; Ipy = Ips >~ 524 pA. Ms 4
are biased with 43.2 pA via Mj ¢ such that; Ips = Ips = Ips = Ips ~ 43.2 pA. As a
result, M7 s are biased with Ip; 4+ Ips such that Ipr = Ipg >~ 568 pA.

W
gmi = 1/ MnOOQCL—lJDl ~ 0.0063 U, g3 ~ 0.00045 O
1

1
o = = 5.26 k{2
Tds1 Mpy
1
Tds3 — =11.25 kQ, Tout3 = Tdsg//Rcmfb =5.3 k)
Mps
1
— = 65.6 k{2
T'ds5 o 65.6
1
Tast = =10 kQ, Tout7 = Tds3//Rcmfb =5 kQ
Mpr

Routfc = Gm3Tout3 (rdsl//rout7)//rds5 ~ 5 k(2
Av—lststage - _gml(Rout) ~ —-31.5~299 dB
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Simulation also confirms our result as seen in Figure 7.11.

m3
freq=1.000 Hz
dB((AC.vo11-AC.vo12)/(AC.vi1-AC.vi2))=29.848

30.013
& 295
8
? 200
iz
5 285
c
3 28.0
27.5 [ [ [ \ [ [ [ [
—_ —_ —_ — — —_ —_ —_ S ]
m m m m m m m mm
- N W I [8]] (0)] ~J Q00

Figure 7.2. Simulated Voltage Gain of the First Stage.

A gain stage (whose structure is given in Section 6.3) biased with 189 pA is
designed. A voltage gain of 6.3 is obtained.

First stage and second stage connection is important for our design. DC level of
first stage’s output is 382 mV which is insufficient for the second stage and may lead
M3 to go out of active region. If M3 will operate in triode region, it would cause errors
in mirroring the bias current; which would change all bias points and also overall AC

characteristic of the designed circuit.

Source followers M,; and My, are used to overcome this problem; and a DC level
of 814 mV is obtained at gates of My and M;q. Used source followers are designed with
loss of voltage gain such that they would not consume much power. They are only

biased with 19.3 pA, and they have 0.7 voltage gain.
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Consequently; overall gain is calculated to be

A, =31 x0.7x6.5=141 ~ 42.9 dB.

m1
freq=1.000 Hz
dB((AC.v1-AC.v2)/(AC.vi1-AC.vi2))=42.919

5E1
m1
£
[}
O 4E1 \
©
@
-
O
3E1 S B S R S R
— — — — — — — — —ah)
m mMm M m m Mm M [@om
'y el (WY Fa on (8] et | 0oDo
freq, Hz

Figure 7.3. Overall Voltage Gain Simulation of the FDFC LNA with NMOS Input

Pair.

This gain is of course reduced by load resistance. Designed LNA will be loaded
by a mixer which is modeled by its 2.5 k2 thevenin input resistance [2]. This resistance
will be connected to the differential output such that each output will be loaded by
1.25 k€ resistor. This load resistance lowers the second stage’s voltage gain to 1.09.
With load included, overall gain becomes A, = 31 x 0.7 x 1.09 = 23.65 ~ 27 dB. This

problem can be solved via a buffer that will prevent the circuit to be loaded.

Finally, FDFC LNA with these biasing currents consumes 1.4 mA current which

leads 1.68 mW power dissipation.
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7.1.1.2. Frequency Analysis and Compensation of the FDFC LNA with NMOS Input Pair.

Dominant pole of the first stage is given as [17]

1
S stage 2 7-3
pl bt 27TTout7Cout—1St stage ( )
Cout—15t stage = Chpgr + Cyar + Craz + Cyaz + Cys—nrp1.- (7.4)

Dominant pole of the second stage is given as [12]

1
T stage 2 7-5
p2 @ sted 27TR0thCout_2nd stage ( )
Cout—gnd stage = Chgg + Cyag + Cpar1 + Cyqi1. (7.6)

However with compensation, dominant and non-dominant poles change. For compen-
sation technique used in this design see Appendix B. An RC network (R. 2 — Cei2)
is used. A high resistance (100 kQ2) is used such that it would not effect the output

resistance of the first stage.

In simulations, a phase margin of 13° is observed before compensation whereas

it improved to 36° after compensation. (Section 7.1.1.4)

7.1.1.3. Input-Referred Noise of the FDFC LNA with NMOS Input Pair. Noise model

of a MOSFET is already given in Equation 3.22. ~ coefficient of 0.18 um is 50% per-
cent higher than long devices [18]. However; with simulations v for 0.18 pm when

I = 0.5 um is found to be 0.8v/V.

— 1
Viosrer = 4T 0.8 —Af (7.7)

For modelling the input-referred noise only first stage of the amplifier is considered

since 2" stage NF contribution to the overall amplifier is negligible (Section 3.1.3.1).

V2 roa = 4KT A
FDFC LNA f Gm1 (gm1)?  Remm 92

2(0.8 Loogdm 1 )] (7.8)
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Note that contribution of M3 to the input-referred noise can be neglected; this is

another advantage of folded-cascode amplifiers [18]. Calculated input referred noise is;

VZpre ixal Af =~ 1.97 nV/v/Hz.

Let us make a simple analysis of NF with matching network designed in Sec-
tion 3.1.7.1. Noise generated in the coil is calculated from the intrinsic resistance is;
@/Af ~ 0.02 nV/v/Hz. We have found that for a perfect match voltage gain (A) of
the matching network is 43.6.

2172 2
Vmatchmg—network + ‘/inLNA>

A2 V2

matching—network

A
NF =10 log < ~0.22 dB

However simulation in Section 7.1.1.4 shows that NF~0.39 dB. It is known that
to obtain the best NF; Z; y4 = oo. Our LNA has a finite input impedance at 123 MHz
which is; 1899-7435j 2. Finite input impedance leads the gain of the matching network

32.75 (See Appendix A). So NF is recalculated to be 0.387 dB.

7.1.1.4. Simulation Results of the FDFC LNA with NMOS Input Pair. Simulations of

overall system support our analysis and specifications.

1-dB Compression Point

freq inpwr outpwr

0.0000 Hz -38.99 dBm -18.87 dBm
123.0 MHz -38.99 dBm -18.87 dBm
246.0 MHz -38.99 dBm -18.87 dBm

Figure 7.4. 1-dB Compression Point Simulation of the FDFC LNA with NMOS Input

Pair.
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Figure 7.5. Phase Margin Simulations of the FDFC LNA with NMOS Input Pair.
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Figure 7.6. Result Set of the FDFC LNA with NMOS Input Pair.
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7.1.1.5. Post-Layout Simulations of the FDFC LNA with NMOS Input Pair. Since a

differential circuit is to be drawn, common centroid method is used to obtain a good
matching; and to suppress fabrication process variations [19]. Chip area is 468 pm X

223 pm.

When post-layout simulations are compared with schematic simulations, it is
observed that gain is same whereas there is an increment in NF. Schematic simulation
is indicating a NF of 0.37 dB. Due to resistive parasitics at gates of the input-pairs;

NF of post layout simulation is 0.7 dB.

Figure 7.7. Layout Views of the FDFC LNA with NMOS Input Pair.

Gain is calculated from transient analysis such that a 1 ¢V input voltage is applied.
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Figure 7.8. Post-Layout Transient Simulation of the FDFC LNA with NMOS Input

Pair.
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Figure 7.9. Post-Layout Noise Figure Simulation of the FDFC LNA with NMOS
Input Pair.
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7.1.2. Fully-Differential Folded Cascode (FDFC) LNA with PMOS Input

Pair

A two stage fully differential folded cascode LNA designed as shown in Fig-

ure 7.10. Detailed component values are also given in Table 7.3.

Table 7.3. Component Values of Fully Differential Folded Cascode LNA with PMOS
Input Pair.

W/Li s 200 pum/0.5 pm
W/Ls 4 4 pm/0.5 pm
W/Lsg 16 pm/0.5 pm
W/Lzs 20 pm/0.5 pm
W/Lg1o | 10 pm/0.5 pm
W/Li112 | 20 pm/0.5 pum
W/Ly,, |40 pm/0.5 pm
W/Ly,, |8 pm/0.5 pm
W/Ly, | 500 pm/0.5 pm
W/Ly, |24 pm/0.5 pm

W/ Ly, | 4 pm/0.5 pm
Ry 7k

Ross | 20 kO

Rem 10 kQ

Rpigs | 600 KO

First stage which provides us low noise has FDFCA topology with PMOS input
pair; whereas gain stage has fully differential CMOS amplifier topology.
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Figure 7.10. Folded Cascode LNA Design.
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7.1.2.1. Voltage Gain Calculations of the FDFC LNA with PMOS Input Pair. For FDFC

topology which is the first stage of this amplifier, detailed voltage gain analysis is done
in Section 7.1.1.1. For a PMOS input paired FDFCA output resistance becomes

Routfc = gm3rout3(rdsl//ToutB)//rdsT (79)

Biasing currents are determined via current mirrors formed by M (2 ¢34 and M7 g.
Input pairs M; 5 are biased with 960 pA via M such that; Ip; = Ipy ~ 480 pA. Ms,
are biased with 38.7 uA via My g such that; Ips = Ips = Ipr = Ips >~ 43.2 pA. As a
result, M;¢ are biased with Ip; + Ips such that Ips = Ipg >~ 518 pA.

/ 1%
1

W-
Ims = unCozL—lel ~ 0.00044
1
Tds1 Mo
1
Tds3 = =694 kQ, Tout3 = 10 kQ//Tdsg = 8.7 k2
Mp
1
Tdss = = 6.1 kQ, 7outs = Tass// Remm = 3.8 kQ
AMps
1
= = 163.6 k2
Tds7 N 63.6
}%outfC = gm3rout3(rdsl//row%)//rds? ~ 10 k2
Av—l“stage - _gml(Rout) ~ —23.5~ 2742 dB

Gain calculation of the second stage has already been explained in Section 6.3. A gain
stage with 6.9 voltage gain is designed with a bias current of 240 pA. Again 2.5 k{2
differential load which affects each output node as a 1.25 k2 resistor, decreases second

stage’s voltage gain around 1.2.
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Figure 7.11. Voltage Gain Simulation of First Stage of the FDFC LNA with PMOS
Input Pair.

In Section 7.1.1.1 it is explained that for DC level requirements, source followers
are used as level shifters. In this design, there is no need to use level shifters between
15* and 2%¢ stage; whereas 1% stage’s DC-input level is determined by DC-output level
of the second which is too high for our case. NMOS level shifters are used to lower DC

level; which has also helped us with compensation.(See Section 7.1.2.2 )

These level shifters are designed such that they have 1.27 voltage gain. As a

result overall gain becomes

A, =235 x1.2x1.27=~29 dB.

Note that with PMOS input pair obtainable gain decreases due to lower mobility of
carriers. Actually this is the main reason why NMOS differential pairs are used for

gain stages.

Consequently; 1.4 mA is consumed resulting in 1.68 mW power dissipation.
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Figure 7.12. Overall Voltage Gain Simulation of the FDFC LNA with PMOS Input

Pair.

7.1.2.2. Frequency Analysis of the FDFC LNA with PMOS Input Pair.

of the first stage is given as [17]

1
27T7ﬂout5Coutflst stage
Cout—15t stage = Chpas + Cyas + Chaz + Cyas.

plst stage ~

Dominant pole of the second stage is given as [12]

1
p2nd stage ~
27TRothCout,2nd stage
Oout—Qnd stage @ — Obdg + Ogdg + dell + Ogdll —|— Ogs_sz‘

Dominant pole

Source followers form a series RC network with feedback resistors and biasing resistors

of the source followers. This RC network determines dominant pole of the amplifier.
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Dominant pole of the amplifier becomes

1
Req Cout_2nd stage

Req = Rf//RbgﬁRbg. (711)

(7.10)

Pamplifier =

7.1.2.3. Input-Referred Noise of the FDFC LNA with PMOS Input Pair. Input-referred

noise of the amplifier is given as

2 ~
VFDFC’ LNA — 4KT Af Gm1 (gm1>2 Rcmfb 92 .

2(0.8 L iogdms, 1 )] (7.12)

Calculated input referred noise is; V2pro pya/Af ~2.26 nV/VHz. V2
0.02 nV/+vHz.

atching—network =

If matching network gain is assummed to be transferred without loss (A=43.6),

then

2172

A2V?2? + V2
NF =10 IOg < matching—network m—LNA) ~ 0.25 dB.
A2V

matching—network

Simulation in Section 7.1.2.4 shows that NF~0.57 dB. Z;y4=200-2381j 2 which leads
the gain of the matching network 28.3 (See Appendix A). So NF is recalculated to be
0.573 dB.



7.1.2.4. Simulation Results of the FDFC LNA with PMOS Input Pair.

over- all system support our analysis and specifications.

Yoltage Gain (dB)

MF

1-dB Compression Point

freq inpwr outpwr

0.0000 Hz -38.96 dBm -16.32 dBm
123.0 MHz -38.96 dBm -16.32 dBm
246.0 MHz -38.96 dBm -16.32 dBm
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Simulations of

Figure 7.13. 1-dB Compression Point Simulation of the FDFC LNA with PMOS

Input Pair.
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Figure 7.14. Simulation Result Set of the FDFC LNA with PMOS Input Pair.
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7.1.2.5. Post-Layout Simulations of the FDFC LNA with PMOS Input Pair. Layout

is of the circuit drawn with common-centroid method; and it is seen in Figure 7.15.
Note that area of the chip is 200 ym x 120 pum; with elimination of compensation

capacitors layout area significantly decreases.

Simulation results shows a NF of 0.8 dB which results from parasitic resistances.
However post-layout voltage gain simulation match with schematic simulation. Gain

is calculated from transient analysis such that a 1 4V input voltage is applied.

Figure 7.15. Layout View of the FDFC LNA with PMOS Input Pair.
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Figure 7.16. Post-Layout Transient Simulation of the FDFC LNA with PMOS Input

Pair.

Noise Figure (dB)
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Figure 7.17. Post-Layout Noise Figure Simulation of the FDFC LNA with PMOS

Input Pair.
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7.1.3. Fully Differential CMOS LNA with PMOS Input Pair

This circuit is designed of CMOS topology with PMOS input pairs both in the
first stage and second stage. Designed LNA is seen in Figure 7.18.

LNA STAGE GAIN STAGE

Fon I
M,
Ry
Cu.‘
S
L. '
C\?D-I | R_'_
| =L
L |
: |
[A— I
Cvd

Figure 7.18. Fully Differential CMOS LNA with PMOS Input Pair.

Same circuit with NMOS input pairs has already been designed in [2] with dif-
ferent compensation technique. It is obvious from simulations given in Section 3.1.7
PMOS devices of 0.18 pum technology tend to have higher thermal noise. Designed

circuit proves this point as explained below.

Gain of the two stages are calculated as explained in Section 6.3. First stage is
biased with a current of 885 A and 24.3 dB voltage gain is obtained. Second stage is
biased with 276 puA and 3.6 dB voltage gain is obtained with the load resistance.
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Table 7.4. Component Values of Fully Differential CMOS LNA with PMOS Input

Pair.

W/Lyo | 310 pum/0.5 pm
W/Lsy |20 pm/0.5 pm
W/Lse¢ | 70 pm/0.5 pm
W/Lzg | 10 pm/0.5 pm
W/Ly, | 30 um/0.5 pm
W/Ly, | 380 um/0.5 pm
W/Ly, | 120 pm /0.5 pm

Ry 12 kQ
Rem | 10 kO
Ry g2 | 600 kO

Re 100 k2

Ce 10 pF

Since there is no source followers in this design (DC levels of two stages are
comparable) overall voltage gain becomes; A,=24.3 dB+3.6 dB=27.9 dB. Consumed

current is 1.2 mA which causes 1.44 mW power dissipation.

Input-referred noise of this LNA is defined as [18] in Equation 7.13. Note that
v =0.8.

1 9m3 1
2 <0.8 40.8 + ) 7.13
9m1 (gm1)2 Rcmfb 972711 ] ( )

chMos nva = 4KT Af

Input-referred noise of the LNA is 0.32 nV/ VvHz. We do know that; to calculate the
overall NF, we need to determine the input impedance of the LNA such that we can
calculate voltage gain transferred to the input of the LNA from matching network.
Zna is simulated and found to be 604-1288j €. This finite input impedance results
in 11.5~21 dB voltage gain of matching network. Final NF is calculated 0.49 dB.
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Miller compensation technique is applied to the circuit. (See Appendix A). For

load capacitance calculations see Section 5.1.3. Simulation results can be seen in Fig-

ure 7.19 and 7.20.

50
B 403 freq=123.0MHz
2 404 . 204dB(S(2.1)=21.646
5 0] S ]
% ] E 10—:
= 2pqm % 0:
£ 77 qfreq=123 OMHz -]
JABAC vo21-AC v022)=42 603 ]
e R L S S L L B I 1 e e e B e o e
°S°=2°=88538H5 °88 332385333
freq, MHz freg, MHz
50_ —E g o~
40— freq=123 3MHz Jfreg=31 D0kHz
] nff2)=0.474 _ 6—StabFact1=1.014
N 30— hlin g
- Ll_ 4_
= 20+ g
. in
10— 2F
i ms
ODIrxl_)ILIxIOlbloLllllllllllr\_) O|I|||||||||||||||||
SS3SEZBEZEE S8 5383858888
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Figure 7.19. Simulation Results of Fully Differential CMOS LNA with PMOS Input

Pair.

1-dB Compression Point

freq inpwr outpwr

0.0000 Hz -37.32 dBm -17.79 dBm
123.0 MHz -37.32 dBm -17.79 dBm
246.0 MHz -37.32 dBm -17.79 dBm
369.0 MHz -37.32 dBm -17.79 dBm

Figure 7.20. 1-dB Compression Point Simulation of Fully Differential CMOS LNA
with PMOS Input Pair.
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7.1.4. Fully Differential CMOS LNA with NMOS Input Pair

Same circuit seen in Figure 7.21 with different compensation and of course device
sizes was designed in [2]. Actually throughout this section effects of current mirrors
are searched. A fully differential circuit with low-voltage cascode current mirror is

designed.

LNA STAGE GAIN STAGE

Figure 7.21. Fully Differential CMOS LNA with NMOS Input Pair.

7.1.4.1. Fully Differential CMOS LNA Biased with Basic Level-Shifted Current Mirror.

Used current mirror is seen in Figure 7.22; and used component values are seen in

Table 7.5. Details of the level-shifted current mirror was explained in Section 4.2.

LNA stage is biased with 946 pA, gain stage is biased with 189 pA. To obtain
these currents a 240 pA reference current is used; which is really high for our power
limit. On the other hand; 42.7 pA current is used to bias level shifter branch. Obtained

results are calculated in Table 7.6.



Voo _
A biasl
| ,_’,__|
s
Mc3 | MCS
[ ffe—]
MC4 MCG

Figure 7.22. Basic Level-Shifted Cascode Curent Mirror.
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Table 7.5. Component Values of Fully Differential CMOS LNA with NMOS Input
Pair Biased with Basic Level-Shifted Current Mirror.

W/Lis |50 pum/0.5 pum
W/Lsys | 250 um/0.5 pum
W/Lss | 10 pum/0.5 pum
W/Lzs | 50 pum/0.5 pum
W/La,, .o | 200 pm/0.5 pm
W/Lary . | 8 pm/0.5 pim
W/Ly, | 8 pm/0.5 pm
W/Ly,, | 48 um/0.5 pm
Ry 2 kQ2
Rem 10 kQ
Rpips | 600 KO
Re 100 k2
Ce 10 pF




75

Table 7.6. Calculated results for the Fully Differential CMOS LNA Biased with Basic
Level-Shifted Current Mirror.

Hy 15t stage ~ 23 dB
Hy,_ond spage ~ 1.2 dB
Hv—matching network | == 29 dB
Hy—over all ~ 52.2 dB
ZLNA ~ 2930-6634;
VZios ina | ~12V/yVHz
NF ~ (.32 dB
Teonsumed = 1.42 mA
Prissipated = 1.7 mW

It is obvious from Table 7.6 that results does not provide a significant advantage
of cascode current mirrors. Also with same currents obtained by basic current mirror;
almost same results are observed as can be seen in Figure 7.25 and 7.26. This is
not surprising, since current mirror’s output resistance and capacitance is effective at
common mode operation. As already explained in Section 5.1.2, there exists a virtual
ground for differential signals, where current mirror is connected to the circuit. So, in

terms of CMRR a cascode current mirror results better as seen in Figure 7.27.



50

501

40

30+

m

20+
10 Jreq=122 TMHz

Yoltage Gain (dE)

hla
O T | T I T | T

dBTAC Yo 1-AC,

WO 12)=50.052

0 20 40 60 80 100120140160 180 200
freq, MHz

50

Im3
4p_freq=123 4hHz
hf(2)=0.322

30- in

20+

LL
=

10+

0

T
0 20 40 80 80 100120140160 180200

freq, MHz

dB(=(2.10)

StabFactl

40

4 e
20—
20—
10+
(=
freq=122 ThHz
—10—&8(8(2,1)#30.075
Ihlax
L T L e B e B e e B o B B A
0 20 40 60 80 100120140 160 180200
freq, MHz
f
Jme
Jfreq=1.000kHz
4—StabFact1=1015
rdin
3
2]
g
1 Y I | T | T I T | T | T | T | T | T | T
0 20 40 60 80 100120 140160180200

freq, MH

z

76

Figure 7.23. Simulation Result Set of CMOS LNA Biased with Basic Level-Shifted

50

Current Mirror.
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Figure 7.24. Simulation Result Set of Fully Differential CMOS LNA Biased with

Basic Current Mirror.
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1-dB Compression Point

freq inpwr outpwr
0.0000 Hz -38.85 dBm -19.04 dBm
123.0 MHz -38.85 dBm -19.04 dBm

Figure 7.25. 1-dB Compression Point Simulation of CMOS LNA Biased with Basic
Level-Shifted Current Mirror.

1-dB Compression Point

freq inpwr outpwr
0.0000 Hz -38.83 dBm -19.34 dBm
123.0 MHz -38.83 dBm -19.34 dBm

Figure 7.26. 1-dB Compression Point Simulation of CMOS LNA Biased with Basic

Current Mirror.
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(b) Biased with Basic Level-Shifted Current Mirror.
Figure 7.27. CMRR Simulation of Fully Differential CMOS LNA.
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8. CONCLUSIONS

Four different LNAs are designed to meet an optimum point for our design specs.
Layouts are drawn for two of these designs, and one of these layouts (Layout of the

FDFC LNA with NMOS Input Pair) is sent to fabrication. Related mathematical

analysis and simulations are done. Simulations and calculations are in 93% match.

We require minimum obtainable NF which can be done via high input impedance
of the LNA. Large devices tend to have less noise, although their impedance is lower
compared to their smaller counterparts. If designer have an antenna with a good
quality factor and low intrinsic resistance, high input impedance should be major aim
for a good NF performance which was our case. But if antenna does not provide a good
performance in terms of quality factor and intrinsic resistance, larger devices should
be preferred for minimum input-referred noise. Actually this was the main reason why
PMOS input pairs provided worsened NF matching. In order to obtain comparable
voltage gain with PMOS input pairs, they need to be large enough due to lower mobility

of positive carriers.

On the other hand; higher currents provides higher output resistances which
increases voltage gain and decreases NF, whereas it is limited by power limits of the
low-voltage low-power applications. This problem can be solved by folded-cascode
topology which provides higher gain compared to its CMOS differential counterpart.
If a larger DC-supply voltage would be available; a cascode active load can be used in
FDFC LNAs which would lead even higher gain. But because of our limited DC-supply
this method would limit output swing and linearity of the LNA, so we could not use

it.

Another main consideration would be chip area which is limited mostly by com-
pensation capacitors. Chip area was not one of the limits of this thesis; but FDFC
LNA with PMOS input pair provides a better area performance since it is compensated

via source followers.
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CMRR is mostly neglected by designers as long as it converges to infinity com-
pared to the differential voltage gain. Biasing current mirror with high output impedances
produce a better CMRR. But CMRR provided by the basic current mirror is also high

enough for most designs including this one.

In Table 8.1 comparison of the designed LNAs is done.
Table 8.1. Comparison of Designed LNAs.

Spec D1 | D2 | D3| D4 | D5

NF VXXV X

Power Dissipated | X | X | / | X | X
Linearity VIiviv]IX|V
GAIN ViV XXX
CMRR X[ X[ X |V ] X
Chip Area X| V[ X|X|V

FDFC LNA with NMOS Input Pair : D1

FDFC LNA with PMOS Input Pair : D2

Fully Differential CMOS LNA with PMOS Input Pair : D3

Fully Differential CMOS LNA Biased with Basic Level-Shifted Current Mirror : D4
Fully Differential CMOS LNA Biased with Current Mirror Designed in [2] : D5

Consequently; FDCFC LNA with NMOS/PMOS input pair are chosen to be
the optimum designs for our specs, since it has better noise matching while providing

higher gain.
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APPENDIX A: EFFECT OF Z;y4 IN NOISE MATCHING

Consider the given Figure A.1. Zge and Zg3 are impedances of DC block capac-
itors. If C5 and C5 are chosen to be infinite; then their impedances will be zero and
the will not effect the overall gain. As already mentioned; if we can obtain Z;y4 = o0,

transferred voltage gain of the matching network will be equal to Q. (Section 3.1.7)

Antenna

C3

Figure A.1. Equivalent Circuit of Noise Matching Network with Finite Z;y4
Included.

Now a simplified circuit shown in Figure A.2 is used where C5 and C3 are short cir-

cuited and an input voltage is added to calculate the gain of matching network.

VA

Antenna

V

out

V’”C) ZCI ZLNA

Figure A.2. Equivalent Circuit of Noise Matching Network with Finite Z; 4
Included and DC-Block Capacitors are Short Circuited.

If Kirchoft’s current law is applied to the output node, gain of the circuit can easily be

obtained.

Zend
jid C14LNA (A1)

ZCIZLNA + ZAntennaZLNA + ZCIZAntenna



81

APPENDIX B: MILLER COMPENSATION

In Figure B.1 equivalent circuit for a two stage amplifier is considered.

V RC |Cc

i2

WM |
R —— i Rp—
2
gmur/ﬂ Cl gleKZ C2

Figure B.1. Equivalent Circuit of Two Stage Amplifier.

If we consider R, = 0, transfer function becomes

_(gml - SCI)Rout
A
sels) bs2 4+ as+1
S

P(s) = bs?+as+1= (1—}%)(1—]9—2)

(B.1)

where R; and R, are output resistances, C; and C5 are output capacitances of first
and second stages respectively. p; is the dominant pole and p, is the non-dominant

pole of the system and they are defined as [8]

1

N B.2

b Im12R1 R2C, (B2)
Im12

= — B.3

= ora (B-3)

Also there exists a zero at z = ¢,,11/C1. To eliminate this zero R, is added such that

new zero becomes

1
W, =

B Cc(]-/ngQ - Rc) '




82

REFERENCES

. Schulz, T., J.P. Schneider, W. Hirsch, S. Puccini, F. Schmidt and T. Kahn, “Pedi-
atric MR-guided Interventions”, European Journal of Radiology, vol. 53, no. 1, pp.
57-66, 2005.

. Aktan, O., The Design and Aspects of an Optically Powered CMOS Receiver Front-
End for Electrically Isolated Applicaitons, PhD. Thesis, Bogazi¢i University, 2011,

. Wattanapanitch, W., M. Fee and R. Sarpeshkar, “An Energy-Efficient Micropower
Neural Recording Amplifier”, IEEE Transactions on Biomedical Circuits and Sys-
tems, vol. 1, p. 2, 2007.

. Corsi, F., C. Marzocca, “An Approach to the Analysis of the CMOS Differential
Stage With Active Load and Single-Ended Output”, IEEE Transactions on Educa-
tion, vol. 46, p. 3, 2003.

. Bazes, M., “T'wo Novel Fully Complementary Self-Biased CMOS Differential Am-
plifiers”, IEEE Solid-State Circuits, vol. 26, p. 2, 1991.

. Sun, N., Y. Liu, H. Lee, R. Weissieder and D. Ham, “CMOS RF Biosensor Utilizing
Nuclear Magnetic Resonance”, IEEE Journal of Solid-State Circuits, vol. 44, p. 5,
2009.

. Bushong, S. C., Magnetic Resonance Imaging, 2" ed., Mosby-Year Book, U.S.A,
1996.

. David, J., M. Ken, Analog Integrated Circuit Design, University of Toronto Press,
2000.

. Gonzales, G., Microwave Transistor Amplifiers, 2"¢ ed., Prentice Hall, 1996.



83

10. Lee, T.H., The Design of CMOS Radio-Frequency Integrated Circuits, Cambridge
University Press, U.S.A., 1998.

11. Gray, P. R., P. J. Hurst, S. H. Lewis and R. G. MEYER, Analysis and Design of
Analog Integrated Circuits, 4" ed., LeihghPress, U.S.A., 2001.

12. Sedra, A. S., K. C. Smith, Microelectronic Circuits, 5" ed., Oxford University
Press, New York, 2004.

13. Babanezhad, J. N., “A Low-output-impedance Fully Differential OPAMP with
Large Output Swing and Continuous-time Common-Mode Feedback”, IEEE J.
Solid-State Chircuits, vol. SC-26, no. 12, pp. 1825-1833, 1991,

14. Czarnul, Z., S. Takagi and N. Fujii, “Common-mode Feedback Circuit with
Differential-Difference Amplifier”, IEEE Trans. Circuits Systems I, vol. 41, no. 3,
pp. 243-246, 1994.

15. Bowick, C., RF Circuit Design, Newnes, 1997.

16. Bhargav, S., J. Peretzman, Design of a MOS double casode Op-Amp with 61 dB
of gain and 128 M Hz of unity gain bandwidth for a Low-Pass Filter application,
ELEN 4321, Analog Electronics Circuits, Columbia University, 2007.

17. Alen, P. E., D. R. Holberg, CMOS Analog Circuit Design, Oxford University Press,
U.S.A., 2002.

18. Sansen, W.M.C., Analog Design Essentials, Springer, 2006.

19. Hastings, A., The Art of Analog Layout, Prentice Hall, 2001.

20. Cherifi, T., N. Abounchi, G. Lu, L. Fakri, L. Quiquerez, J. F. Chataeaux and P.
Morin, “A CMOS Microcoil-Associated Preamplifier for NMR, Spectroscopy”, IEEE

Transactions on Circuits and Systemsl: Regular Papers, vol. 52, p. 12, 2005.



84

21. Fan, X., H. Zhang and E. Sanchez-Sinencio, “A Noise Reduction and Linearity
Improvement Technique for a Differential Cascode LNA”, IEEE Journal of Solid-
State Circuits, vol. 43, p. 3, 2008.

22. Fandrey, S., S. Weiss, J. Miiller, “Development of an Active Intravascular MR De-
vice With an Optical Transmission System”, IEEE Transactions on Medical Imag-

ing, vol. 27, p. 12, 2008.

23. Harrison, R.R., C. Charles, “A Low-Power Low-Noise CMOS Amplifier for Neural
Recording Applications”, IEEE Journal of Solid-State Circuits, vol. 38, p. 6, 2003.

24. Hu, Y., M. Sawan, “CMOS Front-end Amplifier Dedicated to Monitor Very Low
Amplitude Signal from Implantable Sensors”, Analog Integrated Circuits and Signal
Processing, Kluwer Academic Publishers. Manufactured in The Netherlands, 2002.

25. Lundberg, K. H., “Internal and External Op-Amp Compensation: A Control-
Centric Tutorial”, American Control Conference, U.S.A., 2004.

26. Moreno, R.L., E. C. Rodriguf, A CMOS Low Noise Amplifier for Biomedical
Telemetry Applications, Design, Test, Integration 8 Packaging of MEMS/IMOEMS,
2003.

27. Ock, S., K. Han and J. Ryul, A Modified Cascode Type Low Noise Amplifier Using
Dual Common Source Transistors, IEEE, 2002.

28. Pernici, S., G. Nicollini and R. Castello,“A CMOS Low-Distortion Fully Differential
Power Amplifier with Double Nested Miller Compensation”, IEFE J. Solid-State
Circuits, vol. 28. p., 1993.

29. Steyaert, M., S. Willy and A. Zhongyuan, “A Micropower Low-Noise Monolithic
Instrumentation Amplifier for Medical Purposes”, IEEE Journal of Solid-State Clir-
cuits, vol. sc-22, p. 6, 1987.



85

30. Szczepanski, S., S. Koziets, “Phase Compensation Scheme for Feedforward Lin-
earized CMOS Operational Transconductance Amplifier”, Bulletin of the Polish

Academy of Sciences, Technical Sciences, vol. 52, p. 2, 2004.

31. Youssef, A. A., “Design Guidelines for the Noise Optimization of a 0.18 um CMOS
Low-Noise Amplifier”, Analog Integrated Circuits and Signal Processing, Springer
Science and Business Media, Inc. Manufactured in The Netherlands, 2006.





