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ABSTRACT

CMOS technology becomes important in Radio Frequency (RF) communication
systems which include both a receiver and a transmitter. In a highrpanfce radio
receiver, the Low Noise Amplifier (LNA) is the first circuit, andritsise performance
dominates the entire receiver. Depending upon the system in which they are usgd, LN
can be designed according to various topologies and structures. The LNA needs to have
matched input impedance, and at the same time it should amplify the small amplitude
input signal without adding too much noise and still have the minimal power
consumption. It also needs a good interface with external filters for input and output
matching networks; usually the input impedance is matched t&asbOrce resistor.
Low noise figure, reasonable gain, stability and linearity are importapegies for the
LNA. This thesis will present a technique for implementing a CMOS LowéNoi
Amplifier with inductive source degeneration, compare this approach with other
topologies, analyze the source of noise, and match the input and output impedance. The
design requirements for the LNA are operation at 433 MHz, achieving noise figu
smaller than 2 dB, and voltage gain around 15 dB. The circuit was implemeitted

IBM 130 nm CMOS process.
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CHAPTER 1
Introduction
Wireless communication has experienced a rapid development in the past two
decades. There has been great growth in many high performance systems cellakaa
systems (AMPS, GSM, TDMA, CDMA, W-CDMA), global positioning systenP &}
and wireless local area network (WLAN) systems [1].
1.1 Overall Wireless Communication System
The digital revolution in the wireless market has brought many changesliog
transceivers today. The wireless transceiver has to detect a veryvaelaigla frequency
(almost always gigahertz) signal, and at the same time transmhigh frequency and
high power. This characteristic requires high performance from RF and bdsetaog
circuits, such as filters, amplifiers, voltage control oscillators@g¥Cand mixers. The
required high performance of the RF circuit working at high frequencies laibigs
challenge to the circuit design as well. With the consideration of the macpaaver
consumption, many groups are doing research into the use of Complementdry Meta
Oxide Semiconductor (CMOS) technologies for Radio Frequency (RF) appigat
CMOS Integrated Circuits (ICs) have low cost, low power consumption and better
integration with DSP chips, and they also allow a large amount of digital functions on a
single die. They do, however, have limitations for noise and linearity compardgeto ot

processes, such as SiGe and GaAs processes.
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Figure 1.1. Wireless ommunication system

In Figure 1.1the wireless sensisystem can be seen, whéine LNA receies a
signal from the antennand output RF signals that are thenixed with the loca
oscillatorsignals through thdownconvert mixer. After the signal reces a large gain
from (the programmable Gain Amplifier'GA, it is converted by the Analog to Digit
Converter (ADC) angbrocessed by the digitcore. The signal that coming from tt
digital core can thebe retransmitted, by travellithroughthe Digital to Analog
Converter (DAC), the uponverting mixeand through the Power Amplifier (PA) whi
in turn drives thentenna
1.2 Definition of Low Noise Amplifier

In a high performance radio receiver, the firsichles usuallythelow noise
amplifier, and its nise performance sets a lironthat of the entire receivi The main
function of an LNAIis to minimize noise as much as possible while déifgimg the small-
signal from the antennaith areasonable gain. In earlier research, IsNvave been

developed to reaamore stringengoals, such as using lower DC power supply, ant
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reduction of the overall current and hence less power in the circuit. All theffisade
between size, cost, and performance have made the design of the LNA mplieatenh
[2]. Most of the tradeoffs are between maximizing gain and minimizing figise, and
much effort has been placed on optimizing both of these [2].
1.2.1 Friis’ Formula

In a multi-stage communication system, every stage contributes noisectttitbe
system. According to Friis’ Formula, the total noise factor, which is a asatto

measure the total noise in a circuit, can be calculated as:

Fo_F+ F-1 F-1 F-1
G, GG, GGG, (1.1)

In this equation, the noise factor and gain of the first stage are sighifica
contributions to the total noise factor, and the noise factor components of therfgllowi
stages are reduced by the gain of the first stage. A reasonaklgdangand a small noise
factor for the first stage in a system should be important consideratiayoidisignal
processing. Using Friis’ Formula for noise, and the fact that the IsNypically the first

block of the receiver, it is clear that the noise figure (NF) of the LNA esyakmponent

for the entire front-end radio receiver circuit.

Figure 1.2. Typical architecture of a radio receiver [6]



The noise in the subsequent stages of the receiver chain is reduced by the gain of

the LNA; so Friis’ Formula can be expressed as:

(P =D

F LNA
Giya (1_2)

=F

receiver

From equation (1.2), it is clear that the role of an LNA is amplificatidreof t
input signal without addition of too much noise to the whole system.
1.3 Noise
Any communication system is sensitive to noise. In electronics, “evegythi
except the desired signal [3]” is the general definition for noise. éidifnoise, such as
power supply noise and signal cross talk can be avoided by good shielding. But some
types of noise, classified as fundamental noises, are irreducible in takmigressing,
and can be heard as continuous hissing in an audio system and seen as snow in a TV set.
The fundamental noise is random but can still be characterized by sibisttysis. In
an LNA, the major types of fundamental noise are thermal noise and quantem nois
Since this project is dealing with relatively low radio frequencies around/M83
thermal noise is the main noise source.
1.3.1 Thermal Noise
The kinetic energy of particles generates thermal noise under thair finit
temperature. According to the discovery of Johnson, noise properties are detegmined b
the temperature and electrical resistance of a given conductor ratiheptituctor’s
material and the measurement frequency [4] [5]. The thermal equilibriums are
vZ = s, Af = 4kTAfR (1.3)

12 =s; Af = 4kTAf/R (1.4)



where k is Boltzmann’s constant (abdwug8 x 10723J/K), T is the absolute temperature
in Kelvin, Af is the noise bandwidth in Hertz over which the measurement is made, and

R is the conductor’s resistance. The models of the thermal noise are mtgutese

follows:

R g) i

w2 O

Figure 1.3. Resistor thermal noise models
When the random thermal agitation in the conductor gives rise to noise, the way
to reduce the noise in the resistance is to keep the temperature as low as.possibl
1.3.2 Thermal Noise in MOSFETs
In a high performance and high frequency analog RF circuit, the thermal noise
behavior is important for a MOS transistor in saturation. According to vaneler Z
research, a thermal noise model for MOSFETSs consists of drain current meised

gate current noise and their cross-correlation coefficient and is deriveld in [

12 2 4kTAfYgao (1.5)

12 & 4kTAfSg, (1.6)
ZCZS

gg £ {—2= (1.7)

ddo

wherey, §, and { are bias-dependent factogg;,is the drain output conductance under

zero drain biasg, is the real part of the gate-to-source admittaRoelong-channel
MOSFETSs, the value of is g <y < 1. These values keep the MOSFET in saturation.

5



Since the induced gate noise and drain current noise share the same origibeit ca
assumed that is twice as large ag [7].
1.3.2.1 Drain Current Noise

Substrate resistance especially contributes to drain current nciseyioHannel
MOSFETSs. Moreover, the drain current noise is frequency dependent, as sedrefrom t
inspection of the physical structure and the corresponding frequency-dependent

expression for the substrate noise contribution [3]:

4KTR 2
12 & % Af (1.8)
1+(wRsypCeh)

This noise can be ignored as long as the operating frequency is below 1 GHz.
Since the operating frequency is 433 MHz in this project, the drain currentcaoide
ignored in the total noise for a low noise amplifier.
1.3.2.2 Induced Gate Current Noise

At high frequency (beyond 10 MHz), there will be capacitive noise flow to the
gate because of the high capacitive coupling between the channel and the gate. The
resistive material between the gate and the channel can also produce a thesgnal noi

current. The following picture shows the induced gate noise in a MOSFET:



V5 -
%)
"tn,g

gate

= | 77277

S e ®eee ®®=— D

P-sub

Figure 1.4. Induced gate noise model [8]

The following equations can be derived:
12 & 4kTAfSg, (1.9
wZCES

A

dg =¢ (1.10)

ddo
The spectral density of the induced gate nogseis not a constant, and it is
proportional taw?. As the noise will increase accordinguipthe noise is not a white
noise but a “blue noise”.
1.4 Noise Factor and Noise Figure
As the noise can be modeled by mathematical equations, the signal to noise rati

(SNR) can be used as a measurement of the presence of noise in a signal.

SNR = Signal Power (1.11)

Noise power
The noise factor indicates the degradation of SNR by a circuit. Noise fgyaine
important measurement of the system noise performance. In realipliiens the

components will add extra noise as the signal propagates through the netwodedAn i



noiseless two-port network contributes no noise, and the noise factor is equal to one”
[7].1f the circuit does have noise, the noise factor will be largerthan

E Total _noise _ power _at _output

- Noise power at output due to _input source (1.12)
F =N (Noise Factor) (1.13)
SNR out

Noise figure (NF) is the noise factor expressed in dB unit:

SNR|N

NF=10log m) (Noise Figure) (1.14)

The Noise Figure is a major parameter for an LNA, the smaller the tiakubetter the
noise performance; conversely, the larger the value, the more extra amisedn

introduced into the whole system.

3
42
L Ry
Rs Vout

‘ g ngs

Figure 1.5. Noise sources in an LNA

For any kind of resistor, a noise will be generated due to the irregular movement

of the current carrier. Thermal noise is modeled as a current souréguia E5V;? . is

the noise from the source resistor; afg—lgl is the typical noise from the transistor, which

is the thermal noise. More details about the LNA noises will be discusseddediga in

Chapter 4.



CHAPTER 2
Two Port Network and Impedance Matching
2.1 Impedance Matching Network
It is desired for the circuit to transfer as much of the power as possiblefdreer
the transferred power will depend not only on the input and output resistance values, but

also on the reactance values.

Source E Load
L Xs ! 1 A 7
: Ry L
Rs : Ry

s @

Figure 2.1. Voltage and power transferred from a source to a load [9]

From Figure 2.1, the load power equation can be derived as the following [9]:

RL
P = V3
RL S (Rs+Rp,)2+(Xs+X1,)2

(2.1)
wherePy, is transferred poweRs is the source resistdR,, is the load resistovg is the
source voltageXs is the source reactance, afidis the load reactance.

In order to maximize the power transferred from the source to the loaat resist

the reactance must have equal magnitude but opposite sign due to the following equations

[9]: Xs = =X (2.2)
— 2 RL
Fr, = V5 (Rs+Rp)? (2.3)



An impedance matching network is inserted between the source and the load to
maximize power transfer without any phase shift [2]. The “impedance matosiwgrk
in fact is an impedance-conversion network. It can be constructed by passvar part
both active and passive parts. The input and output matching networks of an LNA are a
kind of matching network which usually consists of only passive parts. There would be
no power consumption in the matching network if a matching network consists of only

ideal inductors and capacitors” [9].

Source P, P Load
- o Loty
«— 7 Zn—Pr —iy I

X ¥

L
Rs

v

Pyt 't
Vg ™ RI.

Figure 2.2.An impedance matching network inserted between source and lo§é]

In Figure 2.2 P, is the power in the sourck,, is the power delivered to the
matching network from the sourd,,, is the power at the output of impedance matching
network, andPy, is the power delivered into the load resistor from the source [9].
However, for an LNA, the source resistor is considered to l§& 60 a load antenna, and
most of the testing equipment is designed to match t@ & well; both the input and
output impedances need to matchtb8o the circuit which will have the least power loss
for the signal received from and the signal transferred to the next block.

As a conclusion, the real part of input impedafgeshould be equal to 50; the
same applies to the output impedafgg. And the imaginary parts should be cancelled

by the impedance matching network.
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2.2 Two Port S-Parameter

In the design of analog LNA circuits, work begins with the two-port network. The
two-port network is used to determine figures such as gain, noise, lineadtstadility
all of which are important for designing a Low Noise Amplifier. Thighod is most
commonly used for radio frequency circuits which require l@mali power consumption.
In Figure 2.3, a two-port network with four terminals is shown, and the input and output
of the circuit were defined by the two ports. “Two terminals define a ptiré iEurrent
flowing into one terminal is the same as the current flowing out of the othen&dtiii].
Two-port S-parameters are also an index used for evaluating how well theaimope

match for the circuit.

— «— L
. TWO PORT +
PORT 1 V1 HETWORK w2 PORT 2

Figure 2.3. Two-port network diagram

In Figure 2.4, to simplify a two-port network, the circuit can be treated llsek"
box” with a set of distinctive properties, so the physical performance of thet cir
becomes less important during the analysis. S-parameters are defieredsiot
traveling waves on transmission lines attached to each of the ports of the network.
Individual elements are determined by measuring the forward and backwatthga
waves with matched loads at both the input and output ports. The incoming and outgoing
signal waves at the ports of a circuit are:

Vi =SV + S1,V5 (2.4)

11



VZ_ = 521V1+ + 522V2+ (25)
ForS,,, if the output line is matched; = Z,,, then the load will not reflect power,

soV,f =0,
Spp =2 (2.6)
11 7= yr =0 .
-
S21 = V_}|Vz+=o (2.7)

S11 ands,; are measured at the terminals of the output cables in a matched impedance

network.
Vi
S12 = E|V1+=o (2.8)
Vs
Sa2 = v |V1+=0 (2.9)

Si, ands,, are measured at the terminals of the input cables in a matched impedance

network.

321

o
+ +
Two Port Network
Zg AL v, @2 Z &
L&

512
Figure 2.4.S Parameter representation of a two-port network [7]

In this LNA design, the input impedance requires matching tlte &6tenna, and
the output impedance is required to match the impedance of the next §pakthe
forward voltage gain an8l, is the reverse voltage gaff}, is the input port voltage
reflection coefficient, and,, is the output port voltage reflection coefficient. The input

return loss is the logarithmic magnitudeSef, which is a scalar measurement of how

12



close the actual input impedance matches to the systey,tisesimilar toS; ;, but it is

measurement of the output port impedance matching.
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CHAPTER 3
Design Topology
3.1 Topology Comparison
Many researchers have investigated different designs and implemes taiti
LNA architectures using CMOS. There are three common CMOS LNA topolibgies
are analyzed and compared for an identical frequency operation in this cBapterthe
induced gate noise is the major contribution in an LNA, and is also a major chstiacte
these three configurations are described according to the noise effestdfdA.

3.1.1 Topology 1: Shunt Resistor

Vdd

RL

Fs
Rsh

Figure 3.1. Shunt resistor topology [10]

R“ & [} Vo

G-‘:'g:r."-'rgs r\%‘ : RL

Ry is nolseless

Figure 3.2. Small-signal model of shunt resistor topology [10]
In Figure 3.2, it is obvious that thefRerm introduces extra noi$€ .., so the

shunt resistor structure will have poor noise figure; also the input signtnsiatied by

14



the voltage divider. However, it greatly simplifies impedance matchisiguleln Table
3.1, the values ofiZare only dependent on thenRSo if Rhequals 512, the input
impedance matches %R

3.1.2 Topology 2: Shunt Feedback Topology

Vdd

RL
Rf

s

Figure 3.3. Shunt feedback topology [10]

1':'.! o, ot

f A?-".E:I'."’isﬁ G Iy E R

Vs

=

Figure 3.4. Small-signal model of shunt feedback topology [10]
In the shunt feedback topology (Figure 3.3), theéeRm again adds extra noise,
% in the circuit. Although Rcould be selected to be larger thartdkdecrease the
noise figure, it requires a shunt inductor when the operating frequency goeathigh.
relatively low radio frequency, this topology will have a broad band. And itasealsy
for impedance match to 0. From Table 3.1, the input impedance is dependent on the

values of g, R and R; as long as the value of,gs defined, varying the values ofR

and R will easy match to 5@.
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3.1.3 Topology 3: Source Degenerated Topology

\dd

il

Lg

Ls

Figure 3.5. Source degenerated structure [10]

il

2
Ln.ﬁs

Rs Vout

‘ nggS

Figure 3.6. Small-signal model of source degenerated topology [10]
The source degenerated topology (Figure 3.5) has a very good noisediigcee,
it only has the noise source from the transistor itself and the source resisitdjtion,
the inductors are all noiseless for an ideal one[10]. For this reason, this topology is
chosen for the design of the LNA for the target application. Using equations in3lable
it can be seen that the impedance is dependent on frequency so the circuit is drég matc
for a narrow frequency band. More discussion of the performances of this topdlogy w

be discussed in Chapter 4.
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Table 3.1. Comparison of different topologies for the LNA [10]

Type of Zin Noise Factor Gain
Topology
Shunt Resistor Rsh 24 4y —9mR,,
ngS 2
Shunt feedback| Rr+R R _
# 1 + _S (1 + )2 + 14 ngL
1 + ngL RF ngs ngS
Source jw(Lg + L) 1+—1 QinGm
ngSQin
Degenerated 1
ja)C te: P —
L
+ gm S
Cgs

3.2 Cascode Amplifier

Due to the other major characteristic of LNAs, voltage gain, a lgrges needed.
A large g, can also reduce LNA noise figure. Moreover, input-output isolation is
important to reduce the LO leakage and for self-mixing. Applying the casgodlestage
structure will not only improvg,,,, but also provide a good input-output isolation and

reduce the Miller effect.
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~M——a00——]

Vdd
Lg
Ls

Figure 3.7. Cascode source degenerated LNA topology

3.3 Fully Differential LNA

In Chapter 1, it was seen in the interrelated circuit (Figure 1.1) th&tiliert
mixer requires differential inputs from LNA. A fully differential stture provides better
performances for the circuit than the single-ended LNA. The subetite, which may
arise from other components of the integrated circuit receiver, will be blogkibe b
differential structure of the LNA, this is one of the major advantages diiffieeential
LNA. There are other advantages of a differential LNA: firstly, ireases the
sensitivity of the parasitic inductance which connects to ground (Ls); and sedbed|
differential amplifier attenuates the common-mode signal. SindeNAas receiving a
small signal from the antenna which is a single-ended input, an off-chip balun
transformer is needed to convert a small-single input to differengiats feeding to the

fully differential LNA. Note that this also introduces noise figure dedrada

18
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DDutputl

M1 M1
= £
—000, 00~
Le Ls

Figure 3.8. Fully differential LNA structure
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CHAPTER 4
Design Process
As described in the previous chapters, the source degenerated topology is shown
to have the best performances for a realistic LNA. In this chapter, tiggaegshe size
of the transistors and selection of the values for the inductors is describgdhesi
source degenerated topology. The LNA design is a tradeoff process, which means
specifications such as noise figure, linearity, voltage gain, input and output mgeacici
power consumption must be traded with each other to reach the optimal solution.
4.1 Characteristic Analysis
Consider the source degenerated topology and the small-signal model of an LNA
(Figure 4.1):

\Vdd

il

Lg

Ls

Figure 4.1. Source degengrated topology

20



Figure 4.2. Small-signal model of LNA [10]

In Figure 4.1, Lg is the input inductor, Ls is the source inductor, and jwL
represents the inductive load. Then considering the small-signal model of Ah@nLN
Figure 4.2),i;, is the input current of the transistor, dpds the output current of the
transistor, g,, is the transconductance of the input transistor @pds the gate to
source capacitance; so, according to the KVL rule, the voltage can be derivelldrom t

small-signal model as following:

Vo =i (joly + joL)+in () +i, jol,
JoC (4.1)

The output current is:

. . 1
Io = nggS = gmlin x ja)C
gs (4.2)

So,

4 Gnbsy

JoCq  Co (4.3)

\/in = iin[ Ja)(Lg + Ls) +

The impedance at the input port is then derived as:
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gmLs
——+=1
in Ja)cgs Cgs (44)

Z =\.£: jo(Ly+L)+
l.

n

To be matched with the parasitic capacitor, the following equality should be used:

1

o (L +L)=
of ’ ) @,Cys (4.5)

Since the antenna has a resistance equal & 8t value of the inductor can be
calculated from:
R = g—m L, =500
o (4.6)

Next, according to a series RLC circuit, the voltage ratio (Q) is gisen

— Ve _ @b _ 1
Q= Vin R woRL (4.7)
wherel/, is the voltage on the capacitor.
For this series RLC circuit,
Rs Lg+Ls
— A —
M
Em
Vin Lin C.;_a-.: TCL?}I 1"*';::{
n ke
Figure 4.3. LNA series RLC circuit [10]
the voltage ratio (Q factor) will have the following expression:
__ wo(LgtLs) _ 1
Qm - Rs+% - wO(RS+gglgl;s)CgS (48)
So, the gain is:
Vgs = QinVin (49)

The transconductance can be derived from the previous equations:
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Iou Vgs9m
Gm = Wnt = ng = Qingm (4.10)
So the voltage gain in the source degenerated circuit can be calculated as,

o8 = —GyR, (4.11)

whereR, is the load resistance.

The noise model of this circuit is:

3
42
L Ry
Rs Vout

0, [
®

L

Figure 4.4. Noise model of source degenerated LNA[10]

From Chapter 1, the noise figure of this circuit can be expressed as:

Fo Total _noise power _at output VnRsout +Vn2D out
Noise  power _at output due to input source Vs o (4.12)

whereVzRS is the noise from source resistor, aﬁpg is the thermal noise from the
transistor. According to the thermal noise definition in Chapter 1, both of these can be

expressed as follows [3]

VZRroout = Ver,GAMR] = 4kTRsAfGERY = 4kTRsAfQf, gk Ri (4.13)
VZbout = apRE = 4kTygmAMRE (4.14)
where k is Boltzmann’s constant (abdwg8 x 10723 J/K), T is the absolute temperature

in Kelvin, and Af is the noise bandwidth in Hertz over which the measurement is made,
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R_ is the load resistor, s the source resistat,, is the transconductance, angd iQthe
voltage ratio of the series RLC circuit.

Thus the noise factor given as:

ir?,DRLZ _1 7/

F=1+ =1+ 5
Vnz,Rs |igr$1RL2 ngSQi”

(4.15)
wherey is a bias-dependent factor.
4.2 Design of the Transistors

In order to calculate the size of the transistors, the gate-oxide thidgxesaist
be known, and the following parameters should be calculajadithe permittivity of

free spacegs is the relative permittivity of the material, angk is the permittivity of the

silicon oxide.
boc = &s%0 (4.16)
Cox ==
Tox (4.17)

whereCoy is the gate oxide capacitangg,is the carrier mobility.

The calculation of the width of the input transidtidy,, wherew, is the resonant
frequency(y, is the gate to source capacitance, L is the gate length of the trard$jstor,
is the oxide capacitance per unit area, Rnds the source resistance is given as:

1
M1 3w0LCOXRS (418)

So the gate to source capacitance can be calculated by:

2
Cgs = _WM 1 LCox

3 (4.19)
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whereg,, is the transconductance of the input transistor, and to calculate it we should

assume a drain current vallg,,

gm = \/ZX :uncoxM I DM1
L (4.20)
Finally the transition frequency is defined as:
O
Wr = c_
gs (4.21)

Using the equations in Chapter 3, the noise factor can be determined as following

where the noise figure is the noise factor in dB unit:

F=1+24%
@ O (4.21)

In order to match a pure resistance olhQ@he parasitic capacitance from the
transistor should be cancelled by inductive components in the circuit. The design of
matching inductors is illustrated with the following equations. Normally foO&v
y = 2 anda = 0.9, the unit of resonant frequency and transition frequency should be in
radians/sec. In Figure 4.2, the source inductor Ls and the gate inductor Lg both can be

calculated by the equations:

R
1
L, +L. =
9 (w)?*xC

o (4.23)
Assuming a value for the load capacifpr the load inductor can calculated from:

1
a)ch

I‘d
(4.24)

At 433MHz frequency,L,; and the output transistor width should be large enough

to resonate with th&,;; the drain-to-body capacitance of the output transistor at the
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designed frequencyL, and L are used to provided inductance to counteract the
capacitance oLy, in order to form the necessary purely resistive input. “It is narrow

band because the impedance matching is only established within a very narrow frequenc
range due to the resonant nature of the reactive matching network. [11]” Dudai@éhe
width of the transistors, the impedance matching network becomes challenging.

The overall design of the fully differential LNA is shown in Figure 4.5:

vdd
Inductive Load
Ld Ld
J [a k]
:Em’ J| I_Dl:ll..- putl
Il Droutpuz
£Lz
I
y /=5 =3
Self Bias Amplifier Stage
"'ER M1 M
inptl DA Q00— | E j
4! Lg b "
Ingurt WMH]
Bs W& n

Figure 4.5. Fully differential LNA
To summarize, M1 and M1’ are the differential input transistors which have the
same size, cascade transistors M2 and M2’ are “used to reduce the orevatte
tuned output with the tuned input” [3] and also to reduce the effect of Md, s
improve the gain. M3 forms a current mirror with M1 and M1’ (M1=M1’), and its width

is a “small fraction of M1’s width to minimize the power overhead of the liasi¢
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[3]. “The current through M3 is set by the supply voltage agdrRconjunction with
Vs of M3. The resistance&needs to be large enough so that the equivalent noise
current is small enough to be ignored” [3]. In this system jdslightly larger than 1
kQ. M4 is used as a current source in the circuit, and it provides enough current for each
branch. I is the source inductor used for impedance matching to a pure resistance at 50
Q. Ly is the noiseless inductive load. An on-chip matching network would require a
large inductor which would take more than 50% size of the chip. So in this design, off-
chip inductor matching is properly designed to counteract the transistor parasiti
capacitance. (s the DC blocking capacitor to complete the biasing and prevent the
gate-to-source bias of M1 from getting upset.

It was assumed that the total current through the current source is 12 mA, so 6
mA for Iy, IS used in the calculation. For the impedance inductors calculagas, C
assumed at 10 pF, so that the reactance can be ignored at the signal frequency.

Using all given information to calculate the values from the equations, all the

component values for the LNA are recorded in the Table 4.1.

27



Table 4.1. Components calculation and simulation values

Components Svmbols Calculated Simulated
P y Values Values
Transistor M1,M1’,

M2.M2: W/L 1.716 m/ 240 n 1.8m/240n
Transistor M3 WI/L - 10u/240n
Transistor M4 WI/L - 70u/240n

Inductor Ld 31.3nH 11.932 nH

Inductor Ls 0.51 nH 1.632 nH

Capacitor CL1, CL2 10 pF 10 pF

DC block capacitor Cb 10 pF 10 pF

Resistance Rref - 1.45%XK

Resistance R - 3.094%
Off-chip inductor Lg 81.22 nH 43 nH

Off-chip capacitor ci1,C2 10 pF 10 pF

All inductor and capacitor values are fine tuned in simulation to achieve tlestlow

possible noise figure at the target frequency of 433MHz, which sacrificedakejam

to be at a lower frequency.
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CHAPTER 5
Simulations and Results
The design has been simulated with Cadence in spectreRF to verify the
performances of the fully differential LNA. The main characterigtressimulated over
the temperature range of -35 to 125°C. The simulation test bench was designed to test
the main characteristics of an LNA, such as noise figure, voltage gairdamgematch,
stability and linearity. This design used RF type components for the maircicduit,
such as RF transistors, RF inductors and RF capacitors. The RF transistotayouhe
have guard rings which make a good shielding for the transistors. Thel&fadrs also
have guard rings shielding to avoid the signal cross-talk. All the RF compaeets
parasitic inductance, capacitance and resistance modeled. In speatralgées such as
Periodic Steady State Analysis (PSS), Periodic Noise AnaRsiige), and Periodic S-
Parameter Analysis (PSP) are used to simulate the main charmstefisinsient
Analysis (trans) was used to view the waveforms, and DC Analysis (degtk the
transistor’s quiescent state. All the simulations were performed usingtgagatracted
layout including bonding pads. All characteristics and simulation resultbavill
explained in this chapter.
5.1 Test Bench Setup
In Figure 5.1, the test bench in Cadence has the package bond wires modeled to
imitate the parasitic capacitance, inductance and resistance imaltcgaeit. The power
supply, bias voltage, ground, and differential input signals are applied to thi¢ encl
the differential output signals are observed. The power supply for VDD is 1.2 V, and

Vbias is 0.6 V. The LNA chip symbol includes all the internal pad connections. The
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input balun and output balun are used from the “rflib” library to convert from balanced to
unbalanced signals, and vice versa. Impedance matching networks are insted i
circuit, which uses ideal inductors and capacitors from the cadence “aifélbigiary.

The input port simulated with a sinusoidal waveform with -22 dBm amplitude (around 50
mVpp) at 433 MHz. Both input and output ports are set to havelarbbistance which

act as source resistor and load resistor.

Balun 0

e ond wires model
[Himpedance Matching Network

| Power Supply |

Figure 5.1. Test bench for LNA in Cadence
All the main characteristics’ simulation results below are explaihsaban
temperature (25C) specifically. In this RF design circuit, most of the circuits need
acceptable performances throughout a temperature range. So the temparattioa
becomes a key issue in the design of integrated circuits, and the tempeavatps are

recorded and analyzed in this chapter as well.
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5.2 Voltage Gain Simulations
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Figure 5.2. Differential inputs and differential output waveforms

In Figure 5.2, the two output signals are 180 degrees out of phase with each other,

and the observed offset of the output signals is around 1.05 V.

frequency is used with, ten output harmonics to be simulated. Accuracy defasét at

The voltage gain simulation uses the PSS analysis. Auto calculation for the bea

moderate. The simulation is run and voltage gain is plotted from direct plotain

form

—> pss.
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Simulated Gain (dB)
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Figure 5.3. Voltage gain vs. frequency in band of interest (250MHz to 550MHz)
In Figure 5.3, the voltage gain has the maximum value equal 27dB at 370 MHz,
as tradeoffs have been made to achieve the lowest noise figure at 433MHz, bug also ha
voltage gain equal 18.45dB which is still above the desired gain of 15 dB. More

discussions of the tradeoffs between voltage gain and noise figure can be found in

Chapter 8.
Voltage Gain swept with Temperature
25
20
g M
£ 15
S
% 10
2 == voltage gain(dB)
S
5
0
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Temperature (°C)

Figure 5.4. Voltage gain swept with temperature
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Figure 5.4 is the simulation result of the voltage gain over temperature sorapt f
-55°C to 125°C. The voltage gain decreases by as much as 5 dB as the temperature goes
high. Temperature increases will lead the drain curightecreases [12]. In addition, as
the temperature is increasing, both of the important parameters relatedeimpleeature
in MOSFET, threshold voltag&{) and mobility (1,) are decreasing according to the
following expressions [13]:

VT(T) = VT(T()) — (XVTAT (51)
T
IJ-n(T) = IJ-n(’I‘O)(T_O)o‘u (52)
whereAT =T — T, Ty, is the reference temperatues,. lies in the range 0.5-4 mVIK,

anda, lies in the range 1.5-2.

It can then be seen that the transconductga# the transistor is decreasing with

temperature from its expression:

Im = /ZunCoxﬁ\/E (5.3)

As the voltage gain is proportional to transconductance of the transistor, it can be
concluded that increasing temperature will decrease the transconductacbeneans
decreasing the voltage gain.

5.3 Noise Figure Simulations

The noise figure simulations are performed using Pnoise analysis. Ttiedele
beat frequency is at 433 MHz. The sweep range has been chosen from 100 MHz to 800
MHz. Automatic and absolute sweep types are used with 20 maximum sidebands.
Voltage is chosen to be the output section, and the output net was selected as\be posit

output node, and GND was selected for the negative output node. The noise type was
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chosen for sources, and then the enable box is checked. A simulation is run with PSS
together, and Noise Figure is plotted from direct plotmain form—> pnoise.

Figure 5.5 gives the simulated noise figure a?@5The results show the noise
figure over the frequency range of 100 MHz to 800 MHz. The lowest peak value seen in
figure is 1.48844 dB at 433.96 MHz. From noise factor calculations in Chapter 1, the
noise factor thus is equal to 1.40878, which is the ratio of total noise power at the output
and noise power only due to the input source. With 1.48844 dB noise figure at the
required frequency, this LNA has a low noise figure at@5Moreover, the LNA also

has good noise performance at the frequency range from 400 MHz to 450 MHz.

Periodic Moise Eesponse

— naize figure 433 96MHz  1.4585440B

25.0
20.0
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=
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100 200 200 400 00 G600 700 B0O0
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Figure 5.5. Noise figure at 28C
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Noise Figure Swept with Temperature
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Figure 5.6. Noise figure swept with temperature

Figure 5.6 gives the simulation results of the noise figure with the tetapera
swept from -58C to 125°C. The noise figure varies almost 1 dB inside the temperature
range. From Chapter 1, it was shown that the dominant noise, thermal noiseflis direc
related to the temperature. As the temperature goes high, the noisénigeases.
However, this LNA still operates with a low noise figure at the highest tertype
required by system specifications.
5.4 S-Parameter Simulations

The s-parameter simulations use both PSP and PSS analysis together. iButomat
sweep type is chosen with a frequency range of 100 MHz to 800 MHz. Noisebden
checked for both input and output ports. The enable box is checked. The simulation is run
and S-Parameters is plotted from direct ptotmain form—> pss.

According to Chapter 2, S21 should be equal to 17.2 dB (the gain of the
amplifier), and the S11 and S22 measurement should be small enough (below -10 dB) to

verify that the impedances have matched well. From Figure 5.7, S11 is obsedreed to
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20.35 dB. It can be concluded that the input impedance is matching pedttynareover,
the input impedance matching is still acceptable from 420 MHz to 450 MHz. But the
output impedance matching, where S22 equals -7.01 dB, could be better if improvement

is made in the output matching network. S12 is small enough at -41.09 dB to maintain

reverse signal isolation for the LNA.

Periodic 5-Farameter Response

— 511 dB20 433.43MHz -20.325dB —>1Z4dB20 433.43MHz -41.02dB
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REsmse=Ccun EEaE

: ot N
%‘—20- \/
-
40 A
-&0

—Bi4——

100 200 200 400 Son GO0 700 800
freg (MHz)

Figure 5.7. S-Parameters at 28C
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S-Parameters swept with temperature
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Figure 5.8. S-Parameters swept with temperature

In Figure 5.8, S-Parameters observed over a swept temperature rafigefo
125°C are given. The value of S21 is the LNA gain; from the voltage gain simyldtion
was seen that the gain is decreasing as the temperature is incrédssedn8re flat with
only a slight change over the large temperature range, so the tampei@s not affect
S11 a lot. Throughout the temperature range, S12 has increased by almost hzkiB, w
means the reverse isolation is becoming worse, but still within the doleefage
(below -30 dB). S22 has decreased by 5 dB, which means the output impedance improves
with the temperature.
5.5 Stability Simulations

The stability is measured by using both PSP and PSS analysis togetitér&s w
Parameters simulation. The K factor and Deffaare plotted from direct plet>main
form —> pss.

Rollett’s stability factor (K) is the main method used to determine thdistaf

an LNA. It is calculated by a set of S-Parameters for the device apénating
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frequency. The following equations about stability parameters KAnihdicate the

device will not oscillate and be unconditionally stable [14],

|A] = [S11S22 — S125211 < 1 (5.4)
_ 1+|A12=[S14|%=]S22|?
K= 2[S12521] > 1 (5.5)

In Figure 5.9, Kf is the K factor, and is equal to 6.205 at 433MHz. B1&aiwd its
value is 0.8104 which is smaller than 1. According to equation (5.4) and (5.5), the
simulation results show that this LNA is unconditionally stable.

Periodic 5-Farameter Response

— Kf 433 .03MHz &.20506 —BIf 433.03MHz 810446

500

40.0

20.0

20.0

S-Param

10.0

100 200 200 400 500 00 700 EOO

fredg (MHz)

Figure 5.9. Stability at 25°C
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5.6 Linearity Simulations

The linearity of the LNA can be measured by the IP1, which is performed PSS
analysis. Auto calculation for the beat frequency is used, output harmonit®sea to
be 10, and accuracy defaults are set at moderate. The amplitude was swept fram -40dB
to 0 dBm, with a linear sweep type for 10 steps. The enable box is then checked.
Simulation is run and the Compression Point (CP) at the first harmonic (43BWiliHz
an extrapolation point at -40 dBm is plotted from direct plotmain form—> pss.

In an amplifier, the gain will remain constant for low level input signals tiBe
amplifier will begin to go into saturation and its gain will decrease wheghahlevel
input signal is applied. The IP1 (1 dB compression point) gives the power level due to a

1dB gain drop from the input small-signal value. The IP1 can be seen in Figure5.10 is

Periodic Steady State Response
— compressionCurves
20.0
10.0
Input Referred 1dB Compression = -16.8203
0 ’f_;.ﬂ
= t Order
g A
]
Z
= /
-
-10.0 /
/ Port = "/PORTLS'
-20.0
|~ 1st Order freq = 433M
-30.0

-40 -30 -20 -10 0
prf {dBm)

Figure 5.10. S-Parameters at 2%C
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5.7 Comparison with Other Designs

Much research has been done into CMOS LNA design. Table 5.1 gives a
comparison between the major characteristics of this work with other LNgndegll
the designs operate at different frequencies and use different power supphese four
designs, the noise figure has a range from 2.463 dB to 1.25 dB. The design of this
particular work predicts a noise figure of 1.48 dB, which is in the range of theaced
designs. The voltage gain has a range from 18.36 dB to 13.5 dB. The simulated voltage
gain of this work is 18.45 dB, which can be observed as a good gain for an LNA. The S-
parameters show the input and output impedance matching; S21 is the same as voltage
gain. Recall that if all of the S11, S22, S12 have small values, the input and output ports

have been matched close to the required impedance.
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Table 5.1. Comparing with other designs

Parameters Design Design Design  Design  This

1[15] 2[16] 3[17]  4[18]  Work Unit

Supply vdd 1 1 3 2255 12 %
Power

Noise

. NF 2.463 1.986 1.6 1.25 1.48 dB
Figure

Input Port
Voltage S11 -15.35 -22.34 -10 - -20.35 dB

Reflection

Forward
Voltage S21 - 18.36 115 - 17.2 dB

Gain
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CHAPTER 6
Layout and Considerations

The layout of a circuit is very important for RF circuits. It willeditly affect the
real RF circuit performances. The fully differential LNA was laid usihg Virtuoso
layout editor inside the Cadence design Kit.

6.1 Chip Layout

In an RF circuit, the signal traces can be more important than desapedtors,
inductors, or resistors if the traces are long. A good design of the trdlcgganantee a
successful RF circuit design [9]. In RF circuits, the traces should be keptshoiter
than the wavelength of the input signals. In this specific design, the ndreipa¢ncy is
433 MHz and using the velocity of light, which &x 108 m/s , the signal wavelength
is calculated to be approximately 0.69 m. Therefore, the lengths of the &nacnot a big
issue in the layout design but should still be kept as short as possible.

A good trace style avoids bad performance, such as cross-talk betwesn trace
along with mutual capacitance and inductance. The main rule of the trace ip tbdsee
short as possible rather than being aesthetically pleasing. The béssdinacid be
perpendicular to the RF signal traces. They must not be placethilepi& at all possible.
If two traces have to be parallel with each other, the distance betweestibald be
greater than three times the width of the traces. This will greatlyeddaaross talk
between them. If a trace needs to go from a large width to a small width eevsee the
trace width should be changed smoothly in order to keep impedance variation smooth.
Overall, the trace should be “as short as possible, as smooth as possible, and as

perpendicular from each other as possible” [9]. It is highly recommended to hse hig
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level metal for the bias and signal runners, because the higher metdtes thiceduce
the resistive loss. A sufficient number of vias should be placed to connect thendiffer
metal traces, to make sure that the connection vias can carry the requieed ttwough
them.

From Chapter 4, as the ratio of the transistors was relatively lacgina length
of the transistor was chosen to be .24 um, multiple fingers were needed to dwhieve t
large ratio of the transistors. For better performances, the width of a singgleshould
as small as possible. RF inductors need guard rings around them in order to have a good
shielding, and the ground plane of the inductor was connected to metal M1. The distance
between the traces and the inductor was kept at least 10 pum in order to meet DRC
requirements.

Table 6.1. Fully differential LNA Pin Map

I/O Access Layer Pad Location
VDD E1l Bottom-right
Vbias El Bottom-middle
GND E1l Bottom-left
GND MA Right-top
GND E1/MG Right-middle

RF OUTPUT1 MA Right-top

RF OUTPUT2 MA Right-top
RF INPUT1 MA Right-middle
RF INPUT2 MA Right-middle
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GND
RF OUTPUT 2
RF OUTPUT 1
GND

GND
RF INPUT 2
RFINPUT 1
GND

WIZTY¢

adNDS
SeIgA
aan

Figure 6.1. Fully differential LNA layout with pads
Due to limitation of chip space and the length of the traces to the pads of the other
circuits, Figure 6.1 shows the best pads possible connection to fit then ik ichip.
The blank corner was occupied by a circuit which required shorter path to pads.

However, the RF traces are shorter than the DC biasing.
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Common Centroid Structure

|

rggs

699um—— ~

Figure 6.2. Fully differential LNA without pads
According to the equations in Chapter 4, it can be seen that the higher frequency
the smaller the W/L ratio. As 433 MHz frequency is a relatively low frequiemnitye RF
range, the W/L ratio of the transistors are large. The common centrdidangas
implemented in this layout design [19]. It was used to make the circuit immtime to
cross-chip gradient effect that occurs when current goes through thettremdilowever,
it requires take more space in the circuit layout.
The transistor common centroid layout was completed with the following rules [19]:
1. Coincidence: The centroids with matched devices such as transistors should be
coinciding as much as possible.

2. Symmetry: The array should be symmetric in the X axes and Y axes.
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3. Dispersion: The segments of each device should be distributed uniformly through
the layout.
4. Compactness: The array should be placed as compact as possible, and it is better
to have the shape of the structure like square.
Since M1, M1’, M2 and M2’ are identical to each other in the circuit, each of them
has been divided by four as in the shading part of Figure 6.3. The common centroid
structure applied to these four transistors in the amplifier stage in orfdéflkehe rules

above is given in Figure 6.4 below.

Veld E,‘ é
é oL

Ld Ld i
1
ik
L

1 SRR R S

Input1 D—‘cy _%H I'E—: —||:—r|,__ ’|E’|1__ ’|E:_.[. -L-_:E“_ -’-_:E“_'L-_:Eh—’i-rjl_
000

-
?n
Input2 D H +

Rref

Ls Ls

- Whias

Figure 6.3. Fully differential LNA with transistors split
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Figure 6.4.Common centroid structure layout for transistors
Figure 6.4 shows the unifordistributionof the split transistors. Aof the
transistors are symmetngith both X and Y. Tharrays have been placed as clos
possible within the consideration of trace’smetal width and the distar between the
traces. Offset voltagear be introducedhn the differential LNA due to tt mismatching
of the transistors,ral the ratio of the feeding drain current and tiae boltage to th
amplifier will be affected by the mismatching asllv Using common centroi

techniques should minimize these eff.
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CHAPTER 7
PCB Design and Testing Plan

This chapter will present the design of the testing board and test plan foAan LN
including planning ahead for the bonding diagram, and setting up the measuring
equipment and the connection cables.
7.1 Package Information

The fully differential LNA was bonded and packaged at Metal Oxide
Semiconductor Implementation Service (MOSIB)e proper package was chosen
according to the cavity capacity, number of pins and temperature raingein QFN
package was selected for minimal parasitics, capable of handling teorpsrup to
125°C. The selected package cavity size was 5200 umx5200 pm, the die size was 4110
pHmx4110 pm, the minimum pad size was 100 pmx62 pm, and the minimum pad pitch
was 80 um. The bonding diagram is shown in Figure 7.1. The LNA circuit was placed in

the right bottom corner. Table 7.1 gives the detailed package connections.
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LNA circuit

- \ x"f | \N
FRER GGz

Figure 7.1. Bonding diagram of the chip

Table 7.1. Bonding diagram pin out information

Pin number Corresponding signal
31 RF OUTPUTZ2
30 RF OUTPUT1
29 RF INPUT?2
28 RF INPUT1
27 PADS POWER SUPPLY
22 PADS GND
21 VDD
20 Vbias
19 GND
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Figure 7.2. The manufactured chip in QFN package

7.2 PCB Design for RF Circuit

Since the PCB was operating at Radio Frequency, a 4-layer board design was
used that “allows distributed RF decoupling of a DC power plane sandwiched between
two layers of predominantly ground plane [20]” and maintains a contirgrousd plane.
Onan RF circuit board, all the RF signals, either from the input port or output port, need
a common RF ground to be the reference point. The common ground makes sure all the
points are equipotential [9]. Using a 4-layer board allows the dimensions ofastmjc
line matched to 5@ to be a more manageable size.

In this design, the PCB has two ground plane layers, one power plane layer and
one circuit trace layer. “The metallic runner with high conductivity eithehen@
substrate or on the PCB in the RF range is a micro strip line” [9]. In order to th@uce
distributed capacitance, inductance and resistance, the metaliis tnadth and shape
should be well designed. By using all the information such as standard laier stac

copper weights, dielectric constant, material data, and thickness of corthé& drmard
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manufacture, the width of a microstrip line matched t€@5an be achieved easily. The
bias traces should be wide enough to decrease the resistance from the path.

For an RF signal path, a 45° arc is used if a bend is needed; this willsgettrea
losses and spurious emissions due to the impedance mismatch. Since this is a fully
differential circuit, it is important to make the differential pair émas identical as
possible. Otherwise, there will be voltage offset between the differemjinalsi The RF
trace and bias trace should be perpendicular to each other or far away from each othe
The differential input signals should be perpendicular with the differential outpalsig
in order to avoid the over cross signals between them.

The connection between an RF component to ground should be as short as
possible, and in many cases two or three parallel vias were neededitouthe plane in
order to decrease the impedance.

Almost all of the components selected were surface mount type, becaagse fo
RF circuit, the smaller size and shorter trace will decrease thetjgatapacitance and
resistance. The components were selected to operate within the tenepenagyg from -
55°C to 125°C, since this LNA will be tested over that range.

Banana jacks were used to connect to the power supply, bias voltage and ground.

50 Q impedance SMA connectors were used in this design for RF signals

interfaces, due to their small size, wide frequency range and high rgfiabili

7.2.1 Regulator Setup for Bias Voltage
For this PCB, a 1.2 V power supply and 0.6 V bias voltage were needed.

Regulators are used to main the constant voltage level in this PCB design. THETPS
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voltage regulator was used to implement 1.2 V VDD. The LT3021 was used to

implement the 0.6 V bias voltage, which has a similar structure as Higure

0.1

IDD_CHIP

§.2uH
YTYYTY

VDD_CHIP

VDDREG

I [ N ouT -
potentiometer
EN

4

GND FB

% 160K

-

v

AW

4. TuF

Y|

Figure 7.3. Using TPS71701 to setup for 0.6 bias voltage
A 100 K2 potentiometer was used to adjust to the required voltage. Using the

equation on the datasheet of the TPS71701 regulator, the resistor was chosertias 160 k

220F

VDD_CHIP

to make sure the regulator was stable. The 6.8 puF input capacitor improvedrtee s

impedance and further ensured the stability. The&Xshunt resistor was included so the

current going into the chip can be calculated by the voltage drop on t@er@sistor

using a multimeter.

7.2.2 Impedance Matching Network

According to Chapter 2 (impedance matching) and Chapter 4 (calculatio® of

matching inductor) the sizes of the on-chip inductors were too large to be impeme

on the chip. With all the considerations of the chip size and flexibility ofséaipility,

off-chip impedance matching was implemented in this design.
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Power supply

Voltage PCB \

regulator

{0.6V)

1 - 7
INPUE I VoD Vbias I \—pr:rutput
Impedance _I_B . _ Chip LEEH Impedance
matching 000, REnly 13 > RFout] &QI}_,T matching
network 000 LHA 000 network
Ilu EIT

A 7)

Figure 7.4. Impedance matching networks

Following all the manufacturers’ design rules, the schematic of the EBtg

board was designed in the EAGLE tool as shown in Figure 7.5 and Table 7.2.

vesans

Figure 7.5. PCB for RF LNA testing
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rev 1

Figure 7.6. Test board for LNA

5/18/2011 l;’

Table 7.2. Components names and values

.,
-
o
M

LLN0 48

Name Components Value
C1,C5 Capacitor 6.8 uF
C2,C3,C6,C7 Capacitor 4.7 uF
C4,C8 Capacitor 22 nF
C9,C10 Capacitor 10 pF
CAPTH C11, CAPTH Capacitor 470 nF
C12
C13,C14 Capacitor 4.7 pF
L1,L2 Inductor 8.2 nH
L3,L4 Inductor 43 nH
L5,L6 Inductor 22 nH
R1 Resistor 1604
R3 Resistor 200
R2,R4 Resistor 0.0
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7.3 Balun Board

Baluns are transformers which can convert single input (unbalanced signal) to
differential outputs (balanced signals) with the same amplitude but 180° phaseshif
each other. A balun can also combine a differential signal into a single ended signal.
There are three terminals on the balun. Looking into the three terminahseall t
terminals’ impedance should be equal tdb®ince the baluns chosen did not have the
desired temperature range from %85to 125°C, they were designed on a separate PCB.
In this way, the LNA circuit can be tested in the chamber throughout the tomger
range. Because the baluns were directly connected to the RF signalsoBigktors

were necessary for all the inputs and outputs on the balun board [3].

~

P723235

RFLENA

_~ - -~ TOm - s T
a RF LNA+. Tk ,
- ; . - .
\ [ ]

Figure 7.7. Separate balun board
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In Figure 7.7, the left balun was used since this one had better observed
performances than the smaller one, such as less intersection loss.

Table 7.3. Balun board connections

PORT NAME
UNBALANCED RF_LNA
BALANCED RF _LNA+
BALANCED RF_LNA-

7.4 Test Setup
7.4.1 Test Equipment
The following table includes all the test equipment that was used in the testing of
the design. The operational frequency range for all RF source and nmeaisure
equipment must include 433 MHz.

Table 7.4. Testing equipment

Equipment Model Equipment description
Tektronix AWG7102 Arbitrary Waveform Generator 10GS/s
Tektronix MS0O4104 Mixed Signal Oscilloscope 1GHz 5GS/s
Fluke 45 Dual Display Multimeter
Hewlett Packard 8563A Spectrum Analyzer 9KHz-22GHz
Hewlett Packard E3631A Triple output DC power supply 0-6V, 5A/0 +25V,1A
Agilent EB361A Two-Port Network Analyzer 10MHz to 67GHz
Delta 9039 Chamber for Temperature testing
NC346 Series Noise source less than 1.15:1 from 10MHz- 5GHZ for
units with 5-7 dB or 14-17 dB ENR
Connection Cables Male SMA to male SMA cables, male SMA to BNG
cables, and the connector’s resistance matched @ 50
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Power

Waveform

Balun

Figure 7.8. Testing setup for differential LNA

7.4.2 Baluns Setup

Because a network analyzer was very sensitive to a small DC level voltage,
baluns were used to block the DC level voltage. In order to test the s-parameteriy/of a
differential LNA, a single input and a single output were needed to connect to the
Network Analyzer, so the balun boards were needed for the differential paimiglex

ended conversion as in Figure 7.9.
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Two-Port
Network Analyzer

4 PCB
LNA
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Power Supply

Figure 7.9. Testing setup using network analyzer

7.5 Test Results

7.5.1 Balun Performance

The baluns were connected as in Figure 7.10:

Two-Port
Network Analvzer

Figure 7.10. Balun board connection to network analyzer
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Large Balun Performacne
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Figure 7.11 S-Parameter measurement for two balun bards
In Figure 7.11the red line in the gragis 433 MHz. It can bse that the
observed S11 overlapgth S22, and S2overlaps S1Z-or ideal baluns, theis no
reverse gain and vegood isolation between input ¢ output signals, which mes that
S12 and S21 should leeual to 0 dB, and S11 and S22 equal to infinltye real baluns,
used in this design aret ideal and the two measured baluns I&® and S21 equal -
2.54dB and S11, S22 equal -15.1dB.More simulations with modelebaluns, which

are used to match theal balun performan, have been performed Chaptr 8.

59



7.5.2 LNA S-Rarameter Measuremens

LNA S-Parameter measurement at -22 dBm

input

— =S : S====——=c-=1

g o0 ;,-
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Frequency (Hz)

Figure 7.1z. S-Parameter measurement at -22 dBmmput

In Figure 7.12S11 and S22 show that timpedancef the LNA matche well
around 370 MHzfrom the data analysiS21 has a gain of 14.258 at 37: MHz, and
S12 is observed to ®nall enough to keep the reverse signal isolatothie LNA.The
black line in theifyjure marls the frequency of 433 MHRQverall, the impedancdoes
not match well at 438MHz. This may be caused by the solder useuch may have a
parasitic capacitance thatfect the impedance matchirdecreasing the capacitor val
at the output impedance netik might improve the performancilore investigation an

illustrationof the observed shift in S21 (LNA voltage g is includedn Chapter ¢
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7.5.3 Voltage Gain Measurements

ATTEN 1adB MKR —26.58dBr
RL —18.8dBr 1adB~ 433.88MH=z

START 438.88MH=z 5TOP 448.88MHz
RBH 18@kH=x UBH 188kH= SHP S@rns

Figure 7.13. Output from two baluns at 433 MHz
Voltage gain measurements of the balun boards were performed using an RF
signal generator providing an input signal with a magnitude of 50 mVpp (whi28 is -
dBm). To characterize the balun loss, the input balun was directly connected tqtite out
balun, and the single-ended output from the output balun connected to the Spectrum
Analyzer. The captured image shows the balun boards have a 4.5 dB gain loss at

433MHz.
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ATTEN 1adB MER —17.83dBr
RL —18.8dBr 1adB~ 433.88MH=z

ARG ALl

START 438.88MH=z 5TOP 448.88MHz
RBH 18@kH=x UBH 188kH= SHP S@rns

Figure 7.14. LNA testing with two baluns at 433 MHz
Again using a 50 mVpp (-22 dBm) input signal at 433MHz, voltage gain
measurement of the LNA was performed using both the input balun board and the output
balun board connecting to the LNA PCB. The observed output was -17.93 dBm (81.2
mVpp) (Figure 7.14). If the 4.5 dBm loss from the two balun boards is accounted for, the

actual output power can be calculated to -13.33 dBm (136.3 mVpp).
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ATTEN 2adB MER —11.67dBr
RL 18.8dBr 1adB~ 432.67/MH=z

|
|
|
i
A

T e N

START 488.88MH=z 5TOP 458.88MH=z
RBH 388kLH= UBH J3@dkH=z SHP S@rns

Figure 7.15. LNA testing with only output balun at 433MHz
Next, a differential source with 50 mVpp (two outputs 180° out phase with each
other) was used. In this configuration, only the output balun was used to combine the
differential signals to single-ended for connection to the spectrum analyr observed
output in this configuration was -11.67 dBm (165 mVpp). The two signal sources from
the generator give out the exact 50 mVpp differential signals to the LNA, andstimere

balun board loss during the testing, which made the output power higimelFigure 7.14.
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Figure 7.16. Differential outputs of LNA with 50mVpp input at 433MHz

Figure 7.16 gives the measured output signals of the LNA from the Oscilloscope
By using only output baluns during the test, the differential output signals wergebser
to be 155.8° out of phase with each other, with a peak-to-peak value of around 200 mV.

Therefore, the observed gain was approximately 20log(200 mVv/50 mV) = 12.04 dB.
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Figure 7.17. Differential outputs of LNA with 50mVpp input at 371MHz

According to the measurement from the s-parameters and simulation, the

maximum gain frequency of the LNA was observed at ~370 MHz. In Figure 7.17, we

can see the Vpp of the differential outputs observed at 280 mV at this frequendygyand t

are ~163.6° out phase with each other. Therefore, the measured gain was around

20l0g(280 mV/50 mV) = 14.96 dB. It can be seen that this LNA has a larger gain at

370MHz than 433MHz just as was observed in simulation.
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7.5.4 Linearity Measuremenis

Linearity by Voltage Gain

A

I3

Output Voltage (dBm)
o & A N O N A~ O

-23 -22 -21 -20 -19 -18 -17 -16 -15 -14 -13 -12 -11 -10 -9

Input Voltage (dBm)

Figure 7.18.Linearity measurement with voltage gin at 370 MHz
In Figure 7.18output voltages were recorded according tcdifferent input
voltages at 370 MHzhe measurement waseing done with both input and output bali
connected in the circuilhe red line is the linear trend line of teasuremen. From
this figure, the LNA hagood linearity if the input voltass aresmaller thar-16.5 dBm.

And the IP1 simulation results matched experimental results.
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7.5.5 Noise Figure Measureme

Power Supply
at 28V
Noise Spectrum Analyze
Source
N
! (" PCB
I NRFIN1 FOUT1.( I
B - ] B
Bosrd || | LNA Board
RF IN2 RF OUT2
.
M
< < o
= =) =
[ ‘ ?Jn ]
Power Supply

Figure 7.19 Set up for noise figure measureme
Figure 7.19 shows the set up for noise figure nressen which used the ®
Factor methodin order to use Y Factor method, an ENR (Excess@&lBiationoise
sources needed for the testing [2 The noise source requires a high power supply
up to 28V, and its operating frequenc up to 5GHz. Turning the power supply to"
noise sourcermand off, the spectrum analyzer measured the ehianfpe output nois

power density. The equation for calculating theis [21]:
—_— (7.1)

The ENR values are on the noise source, and diffex@se source will have differe
ENR values. Themaller the ENR, the lower noise figure can be meskby this

method.
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Noise Figure
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Figure 7.20. Measured noise figure

From Figure 7.20, the lowest value of the noise figure is around 433 MHz. And
the noise figure at 433 MHz is around 6 dB. The red curve in Figure 7.20 shows the trend
of the noise figure around 433 MHz. Comparing with Figure 5.5 which is noise figure
from simulation, the lowest noise figure at 433 MHz for both. Because the output of the
noise source used in the testing produced output noise measurements close to the noise
floor of the spectrum analyzer, the results for the noise figure are flunguBtit it
shows a general trend of low noise figure around 430 MHz, the range of interest
which is consistent with simulated values. Also due to the loss associated with balun
boards, environmental noises and the limitation of the equipment, the noise figure is

higher than the simulation value. Better results could be obtained using a Fagelay c
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CHAPTER 8
Conclusions and Future Work

The presented thesis explains the design flow of a fully differential Ld\the
first block in a wireless communication system. An LNA amplifies thdlssignal from
the antenna without adding excessive noise into the system.

The LNA design started with an explanation of the noise and the noise sources.

By understanding the LNA and potential source of noise, a suitable topology could be
chosen to achieve the design requirements. Since the source degeneraigg taubl
the lowest noise contribution this topology was chosen, and transistor sizes,nogeda
matching networks, DC blocking capacitors, and bias circuits all needed &llbe w
designed at a 433 MHz operation frequency to ensure a quality design. Afearc€a
simulations verified all the designed values and corroborated itsdannta schematic
and layout level, the low noise amplifier was sent for fabrication to @Sing a 0.13
um technology process. A test plan was prepared during the fabrication time, and the
PCB design was finished before the chip returned.

According to the experimental results, the LNA as designed with a |@s& noi
figure at 433 MHz, has a peak value of voltage gain at 372 MHz. This is becalee of t
tradeoffs that were made between voltage gain and noise figure. The gamemdower
than simulated because the board manufacturer cannot guarantee the imgedémees
microstrip lines for the designed board, so gain loss resulted from impadamsatch.
Also, on the balun boards, parasitic resistance from soldering and misrgatchi
impedance from both the input and output ports during measurement degraded the

voltage gain as well. Overall, this LNA has higher gain and betteaidity at 373 MHz
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than 433 MHz but sacrifices noise figure to achieve that lowest observed garge fi
(measured and simulated) at the target 433MHz.
More measurements and simulations have been performed to trouble shoot the

difference between simulated and measured gain vs. frequency charesterist

Voltage Gain at 43 nH
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Figure 8.1. Measured voltage gain vs. simulated voltage gain
With 43 nH in the impedance matching network, all of the simulated voltage
gains have peak frequencies at around 370 MHz. The measured voltage gain is lowe
than the simulated voltage gain. However, the gain with more accurately chbdgles,
which have the same performances as the real baluns, decreases the lgaistfy @B
in the simulation. And also due to the board’s loss and the parasitic resistameen the

still decreases by 4 dB for the measurement.
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Table 8.1. The Comparison of simulation with the modeled baluns and

measurement with balun boards

Simulated with Modeled | Measured with Balun
Parameters
Baluns Boards
S11 =S22 -15.1 dB -15.15dB
S12=S21 -1.68 dB -2.54 dB
Voltage Gain 13.91 dB 12.04 dB
Noise Figure 2.19dB 6 dB

In Table 8.1, the modeled baluns have been made in the simulation to be as close

as possible to the measured balun boards; there is 1.87 dB difference of the gailtag

between the simulation and measurement. These balun models were used te thplicat

test setup in the simulation.

Voltage Gain (dB)
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Figure 8.2. Different input impedance vary the voltage gain
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Varying the inductor value in the impedance matching network in simulation, the
maximum gain frequency changes as well. The gain changes whenuharppdance
varies. But either increasing the input inductor in the matching network to 53 nH or
decreasing it to 27 nH, will increase the noise figure by more than 1 dB cahpdne

noise figure at 43 nH.

Simulated Gain (dB) at 33 nH
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Figure 8.3. Voltage gain with 33 nH input impedance match
Concluding from Figure 8.3, by replacing the 43 nH with a smaller inductor of 33
nH, the maximum gain frequency shifted to 433 MHz. The smaller inductor in the
impedance matching network shifts the peak value of the voltage gain. But the noise
figure at 33nH is increased to 1.84 dB in the simulation.
Tradeoffs have to be made between voltage gain and noise figure:
From the equations of the thermal noise in MOSFET:

The thermal noise power from the source resistor is:

VZRr out = Ver,GAMR] = 4KTRsAfGERY = 4kTRsAfQf, gk Ri (4.13)

And the thermal noise power from the transistor is:
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VZbout = apRE = 4kTygmAMRE (4.14)
Thermal noise is directly related to the transconductgpceand the equations for

transconductance is :

o = [20,Con [T (53)

It can be seen that the gain increase is because of the transconductanae fBorass
long as the transconductance increases, the gain will increase and thevdirbait
introduced to more thermal noise, which will lead to an increase to the noise fius
the lowest point of noise figure will not match with the highest value of the vajtge
So the tradeoff must be made for an LNA in order to reach the lowest noisedimll
still have a sufficiently large gain.

Referring to the voltage gain measurement in Figure 8.1 and noise figure

measurement in Figure 7.20, the gain has been sacrificed to reach the lowdgjureise

fs Corner
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>
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0 e 450 H
300 320 340 360 380 400 420 440
Frequency (MHz)

Figure 8.4. fs corner simulations with different input impedancematch values
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The Figure 8.4 is the voltage gain under process skewed “fs” (fast NMOS, slow
PMOS) simulation varied with different impedance matching network. herher
simulation results are close to the “tt” (hnominal) simulations.

Overall, the tradeoffs between noise figure and voltage gain have to be made to
achieve the optimum performance for an LNA. Although the input impedance ngatchin
network is shifting the peak values of the gain, this LNA provides a sufficietaigeol
gain at 433 MHz. Also, the noise figure will increase by changing the lcesin the
impedance matching network to a value other than 43nH. Hence, though the design
shows the highest gain around 370 MHz, the fact that its noise figure is lowest at 433
MHz, led to this design.

In future work, noise figure should be measured with more accurate equipment
including the use of a Faraday cage and batteries for the power supply to recess e
noise. The integration of the fully differential low noise amplifier in the leg®
communication system level design is the main future work. The impedance match
between the LNA and the mixer (the next block), as well as the linearitg fanthe

mixer should be considered.
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