
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Design of microwave low-noise amplifiers in a SiGe BiCMOS process 
 

Martin Hansson 
 
 

Reg nr: LiTH-ISY-EX-3347-2003 
Linköping 2003 

 
 



 

 



 

 

 
 
 
 
 
 
 
 

Design of microwave low-noise amplifiers in a SiGe BiCMOS process 
 

Master Thesis 
Division of Electronic Devices 

Department of Electrical Engineering 
Linköping University, Sweden 

 
Martin Hansson 

Reg nr: LiTH-ISY-EX-3347-2003 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 Supervisor: Robert Malmqvist 
    
 Examiner: Christer Svensson 
 
 Linköping, Jan 23, 2003 
 



 

 



 

 

 
 

 

 

Avdelning, Institution 
Division, Department 
 

  
Institutionen för Systemteknik 
581 83 LINKÖPING 

  

Datum 
Date 
2003-01-23 

 
 

Språk 
Language 

  

Rapporttyp 
Report category 

  

ISBN 
 

 Svenska/Swedish 
X Engelska/English 

  Licentiatavhandling 
X Examensarbete 

  

ISRN   LITH-ISY-EX-3347-2003    

 
     

  C-uppsats 
 D-uppsats 

  

Serietitel och serienummer 
Title of series, numbering 

 

ISSN 
 

    Övrig rapport 
 ____ 
 

  
 

   
 

URL för elektronisk version 
http://www.ep.liu.se/exjobb/isy/2003/3347/ 

  

 
 

 

Titel 
Title 
 

 

Design av mikrovågs lågbrusförstärkare i en SiGe BiCMOS process  
 
Design of microwave low-noise amplifiers in a SiGe BiCMOS process 

 

Författare 
 Author 

 

Martin Hansson 
 

 
 

Sammanfattning 
Abstract 
In this thesis, three different types of low-noise amplifiers (LNA’s) have been designed using a 
0.25 mm SiGe BiCMOS process. Firstly, a single-stage amplifier has been designed with 11 dB gain 
and 3.7 dB noise figure at 8 GHz. Secondly, a cascode two-stage LNA with 16 dB gain and 3.8 dB 
noise figure at 8 GHz is also described. Finally, a cascade two-stage LNA with a wide-band RF 
performance (a gain larger than unity between 2-17 GHz and a noise figure below 5 dB between 
1.7 GHz and 12 GHz) is presented. 
 
These SiGe BiCMOS LNA’s could for example be used in the microwave receivers modules of 
advanced phased array antennas, potentially making those more cost- effective and also more 
compact in size in the future. 
 
All LNA designs presented in this report have been implemented with circuit layouts and 
validated through simulations using Cadence RF Spectre.  
 

 
 

Nyckelord 
Keyword 
LNA, low-noise, amplifiers, SiGe, BiCMOS, microwave, MMIC, RFIC 

 



 

 



Abstract 

 i

Abstract 
 
In this thesis, three different types of low-noise amplifiers (LNA’s) have been 
designed using a 0.25 µm SiGe BiCMOS process. Firstly, a single-stage ampli-
fier has been designed with 11 dB gain and 3.7 dB noise figure at 8 GHz. 
Secondly, a cascode two-stage LNA with 16 dB gain and 3.8 dB noise figure at 
8 GHz is also described. Finally, a cascade two-stage LNA with a wide-band RF 
performance (a gain larger than unity between 2-17 GHz and a noise figure 
below 5 dB between 1.7 GHz and 12 GHz) is presented.  
 
These SiGe BiCMOS LNA’s could for example be used in the microwave 
receivers modules of advanced phased array antennas, potentially making those 
more cost-effective and also more compact in size in the future.  
 
All LNA designs presented in this report have been implemented with circuit 
layouts and validated through simulations using Cadence RF Spectre.   
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1 Introduction 
 

1.1 Background 
Today most RF and microwave receivers are based on some frequency convert-
ing circuits (i.e. mixers). Such circuits usually are quite noisy, and to be able to 
detect small signals low-noise amplifiers (LNA’s) are normally used in front to 
amplify the incoming signal enough to overcome the noise form subsequent 
stages.  
 
It is desirable to implement RF receivers together with base band digital circuits, 
to lower the total system cost. Today, digital circuitry is built using comple-
mentary metal-oxide-semiconductor (CMOS) processes on silicon, while micro-
wave circuitry usually is implemented in Gallium Arsenide based processes that 
are less suitable for large-scale integration. To increase RF performance of 
CMOS processes bipolar transistors can be built together with ordinary MOS 
transistors in a bipolar CMOS (BiCMOS) process.  
 
In this report three different types of LNA designs for future advanced phased 
array antennas at X-band (8-12 GHz) frequencies and above are presented. The 
process used is a commercially available BiCMOS process from IBM, with 6 
metal layers, SiGe hetero-junction transistors (HBT) and 0.25 µm MOS transis-
tors. The outline of the report is shown below.  

1.2 Outline of this thesis 
• Chapter 2 – RF and Microwave fundamentals: Short background on 

RF and microwave fundamentals, such as S-parameters, noise and line-
arity.  

• Chapter 3 – Background: Motivation for this work and the choice of 
monolithic microwave IC (MMIC) process used in this work.  

• Chapter 4 – Previous work: Some examples of previously reported 
LNA designs. 

• Chapter 5 – Process technology description: A short summary of the 
process technology used. 

• Chapter 6 – Design and Circuit Simulation: Design of LNA’s and 
results from schematic simulations. 

• Chapter 7 – Layout and Simulation: Layout implementation and simu-
lation of LNA designs including parasitic effects  

• Chapter 8 – Conclusions and future work 
• Chapter 9 - References 
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1.3 Terminology 
 
LNA: Low Noise Amplifier 
 
P1dB: 1 dB compression point (usually referred to input power) 
 
IIP3: Input referred third order intermodulation intercept point 
 
OIP3: Output referred third order intermodulation intercept point 
 
Si: Silicon 
 
SiGe: Silicon-Germanium 
 
GaAs: Gallium-Arsenide 
 
MMIC: Monolithic Microwave Integrated Circuit 
 
RFIC: Radio Frequency Integrated Circuit 
 
CMOS: Complementary metal oxide semiconductor 
 
HBT: Hetero junction Bipolar Transistors 
 
BiCMOS: Bipolar CMOS 
 
UTSi: Ultra Thin Silicon 
 
SOS: Silicon on Sapphire 
 
FET: Field Effect Transistor 
 
MIM: Metal-insulator-metal 
 
fT: Unity gain frequency 
 
fmax: Maximum frequency for oscillation 
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2 RF and Microwave fundamentals 
 
In this chapter an overview of RF and microwave fundamentals is presented. 

2.1 Scattering Parameters 
In systems that are working in high frequencies, the usual short circuit and open 
circuit analysis techniques, such as h-parameters and Z-parameters, are difficult 
to use. This depends on the fact that one cannot guarantee that short circuit, and 
open circuits behave in the same manners as in low frequencies. A short circuit 
at high frequency can seriously depend on the inductive behaviour of the wire, 
and thereby it will not be a pure short. An open circuit on the other hand have at 
high frequencies a capacitive behaviour, which lowers the impedance to a small 
value at high frequencies. The scattering parameters or S-parameters are the tool 
that is used to solve the problem described above. S-parameters describe the 
relations between incoming and reflected power into the two-port, instead of the 
currents and voltages. Using S-parameters measurements and calibrations 
becomes easier, which is one of the most important motives for choosing S-
parameters.  

2.1.1 Definition 
 

 
 
 

[S] 

a2 

b2 
b1 

a1 

V1 V2 
Z2 Z1 

 
Figure 2.1 Incoming and reflected power waves to a system 

 
Figure 2.1 depicts a system excited by V1 and V2 resulting in incident and re-
flected power waves, with power waves denoted by a1, a2 and b1, b2 respectively.  
 
Assuming linear behaviour by the system S-parameters can be defined as1: 
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2221

1211
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a
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SS
SS

b
b    )1.2(  

 
The four parameters S11, S12, S21 and S22 are calculated for the expressions de-
scribed in (2.2a-d) 

                                           
1 Reference [1] 
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S11 is describing the amount of power reflected back to source from input when 
output is matched (a2=0), thus is called input reflection coefficient. Parameter S21 
instead measures the amount of transmitted power from source to load, under 
the condition of output matching, thus is called forward transmission gain.  
 
Matching of the input instead makes it possible to calculate reverse transmission 
gain, S12 that describes the amount of power transmitted from output to source. 
With the same matching condition (a1=0) one can calculate S22, which is a 
measure of the amount of power reflected back from output to the load, called 
output reflection coefficient.   

2.2 Matching 
As described above the concept of power waves is normally used when working 
with RF and MW electronics. Large reflections of signal at the input and output 
should not be allowed in a circuit, since then no signal would actually pass 
through the circuit. One way of reducing reflections is to use input and output 
matching networks. Such networks can be seen as impedance converting 
circuits, which transform given impedances to more suitable values2.  
 
The condition of maximal power match from the signal source to the load is that 
the source impedance equals the complex conjugate of the load impedance 

** or    LSLS ZZ Γ=Γ= . 
 
Design of these matching networks can be made in different ways. An analytical 
approach seems to be a good choice, when one knows in advance which circuit 
topology is to be used.  
 
A more convenient approach is to use a smith chart, which gives an idea of how 
the impedance matching is influenced by changes in circuit elements, and even 
by changes of topology. The input and output reflection coefficients can be 

                                           
2 Reference [1] 
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plotted for every simulation, and the effects of changes of element values can 
then be seen directly. The effects of connecting a reactive element to a complex 
load can be summarized in the following rules (depicted in Figure 2.2): 

• A reactance connected in series with a complex impedance, results in a 
movement along a constant resistance circle in the smith-chart. 

• A reactance connected in parallel with a complex impedance instead 
results in a movement along a constant conductance circle in the chart. 

 
3 

2 

1 4 1: Adding a serial capacitor 
2: Adding a serial inductance 
3: Adding a parallel inductance 
4: Adding a parallel capacitor 

 
Figure 2.2 Effects of adding a reactive circuit element to a complex load 

2.3 Noise 
Noise is an important measure, which limits the performance of amplifier 
circuits.  

2.3.1 Theory 
A model for a noisy two-port is given in Figure 2.3 below, where ci is the part of 
the input noise current that is correlated with ne .  
 

YS Noise less 2-port 

Noisy 2-port 

fkTGi ss ∆= 4

fkTGi uu ∆= 4

fkTRe nn ∆= 4

ncc eYi =Yc=Gc+jBc 
Ys=Gs+jBs 

 
Figure 2.3 Model of a noisy two port 

The noise factor is defined as3: 

sourceby  added output,at  noise
outputat  noise total=F  

                                           
3 Reference [2] 
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Thus the noise factor is a figure of merit for how much noise that is added by the 
system itself. If the system were completely noiseless the noise factor would be 
equal to unity. When this property is expressed in decibels (dB) it is called noise 
figure and is then denoted NF.  
 
A noisy system is defined by the four noise parameters (GC, BC, Rn and Gn) and 
when they have been characterized, a general expression of the noise factor can 
be derived given in (2.3). 

( ) ( )( )
S

nSCSCu

G
RBBGGGF

22

1 +++++=  )3.2(  

Minimization of (2.3) gives that minimum value of noise factor is reached when 
the source admittance equals the following: 

optC
n

u
SoptCS GG

R
GGBBB =+==−= 2  and   

The minimum noise factor is then given by:  

( ) 







+++=++= Cc

n

u
nCoptn GG

R
GRGGRF 2

min 2121  )4.2(  

The total noise factor can now be expressed in terms of Fmin and the admittance 
of the source (GS): 

( ) ( )( )22
min optSoptS

S

n BBGG
G
RFF −+−+=  (2.5)  

Based on the expressions above noise circles in the admittance plane can be 
plotted, centred at (Gopt, Bopt). 
Expression (2.5) can be expressed as a function of ΓS and Γopt as shown in (2.6). 

( ) 22

2

0
min

11

4

optS

optSn

Z
RFF

Γ+Γ−

Γ−Γ
+=   )6.2(  

From expression (2.6) it is easy to see that the noise is minimized when ΓS is 
equal to Γopt, which means that noise matching occurs when source impedance 
equals the optimum noise impedance for the circuit. 

2.3.2 Noise in cascaded systems 
Total noise factor of a cascaded system (see Figure 2.4), is given by expression 
(2.7), called Fries formula4. 
 

                                           
4 Reference [1] 
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Fk : Noise factor of stage k  

Figure 2.4 Cascaded network representation 
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From equation (2.7) it is evident that the noise factor of the first stage limits the 
total noise performance in a cascaded network. If the gain of the first stage is 
sufficiently large, noise added by subsequent stages will not matter that much.  

2.4 Principle of emitter degeneration  

The main problem encountered when designing LNA’s is to achieve simulta-
neous power and noise match. Achieving power matching and noise matching 
are two different problems with solutions that often are incompatible. In section 
2.2 it is found that in order to maximize output power transfer input impedance 
should be chosen equal to the conjugate of the source impedance ZS, thus 

*
Sin Γ=Γ . On the other hand in section 2.3 the condition for minimal noise is pro-

vided, which is that ΓS=Γopt.  
 
The input port of a bipolar transistor is according to the hybrid-π small signal 
model, depicted in Figure 2.5, approximated with a resistance in parallel with a 
capacitance. This gives input impedance that has a capacitive behaviour.  
 
The problem of matching the amplifier to 50 Ω of input and output terminations 
(power matching) without severely degrading noise performance can be solved 
using a technique called emitter degeneration. An inductor is connected to the 
emitter and then realizes, together with the capacitive part of the input imped-
ance, a serial resonance circuit. For a well-chosen value of the inductance the 
input impedance can become purely resistive, and the resistance value are deter-
mined by the value of the inductor and the process parameters of the transistor. 
This solution has the drawback of only working in a narrow frequency band. 

rbe Cbe 

Cbc 

gmvin 
ro 

+ 

- 

vin 

+

-

vout 

 
Figure 2.5 Hybrid-π model of a bipolar transistor (simplified) 
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Input impedance: ==
=0outvin

in
in i

vZ gm//rbe//(Cbe+Cbc) 

 
In the hybrid-π small signal model the bipolar transistor is represented by a 
transconductance and base-emitter impedance containing a resistor and a capaci-
tor in parallel. The input impedance of the circuit if an inductor is connected to 
the emitter (i.e. emitter degeneration) is as follows5: 

 inin

be
be

be
be

m

be
be

be
be

in sXR
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r

sC
r
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Where 222

22

1 bebe

bebembe
in rC

rLCgrR
ω

ω
+

+=     )9.2(  

Expression (2.9) is described by processes parameters and the inductance value 
(L). It can be shown that it is possible to reach input impedance with a real part. 
By further analysis or by using circuit simulators one can optimise the input 
impedance to have as small complex part as possible, while the real part is as 
close to 50 Ω as possible, thus reaching optimal power matching.   

2.5 Stability 
Stability is maybe the most important property of an amplifier circuit. If an 
amplifier is instable it is not reliable. To insure unconditional stability there is a 
measure that is studied called the Rollett factor denoted by k given by expres-
sion (2.10)6. 

21122211

2112

22
22

2
11

 where
2

1

SSSS
SS

SS
k

−=∆

∆+−−
=    

)10.2(
 

An alternative stability measure is given by the B1f-factor given by (2.11) 
 22

22
2

1111 ∆+−+= SSfB   )11.2(  
An amplifier is unconditionally stable if k>1, and B1f > 0. 

2.6 Large Signal Behaviour 
Even though small signal behaviour of a circuit is important, it does not say 
anything about how the circuit reacts when the power of the input signal is high 
enough to cause distortion. This is instead described by the large signal per-
formance of the circuit. There are two important measures that describe the 
circuit performance at high input powers. One is the compression point and the 

                                           
5 Reference [2] 
6 Reference [1] 
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other is the intermodulation point that describes how the amplifier can handle 
third order intermodulation distortion (IMD3). 

2.6.1 Compression point 
Small signal transistor model (e.g. S-parameters based) assumes the transistor is 
linear. When the input power increases to a point where the transistors start to 
saturate, the gain of the amplifier starts to compress, and the transistor is thus no 
longer linear. At sufficiently small input power levels the output of the amplifier 
is proportional to the input power. But if power is increased beyond a certain 
point, gain of the amplifier decreases, and eventually the output power will 
reach saturation. The point where the gain of the amplifier has decreased 1 dB 
from the linear small signal behaviour is called 1 dB compression point, de-
picted in Figure 2.6.  
A formal description is given by )(1)()( 1,01, dBmPdBdBGdBmP dBindBout +−= , where G0 
is the small signal gain. 

2.6.2 Intermodulation point 
Intermodulation distortion is one limiting factor to the spurious-free dynamic 
range (SFDR) of a receiver, the other limiting factor is being set by the noise 
floor. The intermodulation point measures the strength of these spurious 
signals7.  
 
Assume that the output of a circuit or a device can be represented by a power 
series, and that the error that is introduced when this series is truncated is negli-
gible. Then output voltage can be written as follows: 

K++++= 3
3

2
210 inininout vavavaaV  

Now assume that the input consist of two signals of slightly different frequency 
tVtVvin 2211 sinsin ωω += , assume ω1≈ω2. 

 
As more than one frequency is used at the input, signal frequency intermodu-
lations will occur, thus generating spurious intemodulation distortions. Most of 
the distortion is generated of frequencies far from the input frequencies and can 
usually be filtered out.  
 
However, there are two distortion signals that are much more difficult to filter 
out. These are the third order intermodulation terms, which arise from the output 
power term that is proportional to the cube of the input power. Using the same 
annotation as above the third order intermodulation terms can be defined as8: 

( ))2sin()2sin(
4

3
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2
21212

2
1

3
3 ωωωω −+−= VVVVaIMD  )12.2(  

                                           
7 Reference [3] 
8 Reference [3] 
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Because of the cubic relations of the input voltage in IMD3, an increase in power 
at the input of 1 dB gives a corresponding 3 dB increase for the IMD3 terms, as 
shown in Figure 2.6. 
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Figure 2.6 Large signal behaviour described by 1 dB compression point and intercept point 
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3 Background 
 
This chapter covers the field of application for LNA together with a comparison 
between different processes that can be chosen. The specification for this thesis 
is also presented in this chapter.  

3.1 Application in mind 
Advanced phased array antennas may in the future contain radar and electronic 
warfare functions ranging from, say, 1 to 20 GHz in frequency. In order to be 
able to make such antennas more cost effective and also compact in size, the 
cost and size of the transmitter/receiver modules used in these system should be 
minimized. In most receiver chains designed today a low-noise amplifier (LNA) 
is used close to the antenna. Following the LNA in receivers is usually filters 
and mixers, which often contribute considerably to the noise. The task of the 
LNA is to amplify the received frequency band to overcome the noise from sub-
sequent stages without contributing with large noise itself.  

3.2 High frequency integrated circuit technologies 
In monolithic microwave integrated circuits (MMIC) a process based on the 
semiconductor Gallium-Arsenide (GaAs) normally is used. GaAs have many 
physical properties that make it suitable for microwave integrated circuit 
designs. The high values of electron saturation velocity and electron mobility  
(1-3x107 cm/s and 5000-8000 cm2/Vs, respectively)9, leads to short transit times 
in transistors, which results in high operating frequencies and high fT. Normally 
high electron mobility transistors (HEMT) and metal-semiconductor field effect 
transistors (MESFET) are used, which have a relatively high fT (typically 50 - 
100 GHz), and low NFmin (typically 1 dB in X-band). Furthermore GaAs have a 
large bandgap (1.42 eV at 300 K) resulting in high breakdown voltage, which 
results in high output power handling capabilities. Finally GaAs substrate can be 
made with high resistivity making it better suited for implementing passive 
components such as high-Q inductors.  
 
Radio frequency integrated circuits (RFIC) based on silicon (Si) processes 
achieve lower values of fT and thereby higher values of NFmin, since electron 
saturation velocity and electron mobility is lower in Si compared with GaAs 
(6x106 cm/s and 1300 cm2/Vs, respectively)10. Lower band gap for Si (1.12 eV 
at 300 K) also results in lower breakdown voltage, making Si less suitable for 
high power applications.  
 

                                           
9 Reference [4] 
10 Reference [4] 
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To increase RF performance for Si based processes hetero junction bipolar tran-
sistors (HBT) based on SiGe can be used11. The current gain in a bipolar 
transistor is given by equation (3.1). 

 TkE
B
a

E
d Bge

N
N ∆∝β    )1.3(  

In conventional bipolar transistors the energy difference ∆Eg is equal to zero, 
which means that current gain can only be altered by changing doping levels of 
base and emitter to insure high current gain ( B

a
E
d NN >> ). The maximum fre-

quency for oscillation is defined by equation (3.2), which shows that fmax is 
inversely proportional to the square root of the base resistance.  

 
B

T

R
ff ∝max     )2.3(  

A higher doping level on the base would lower base resistance, thus increasing 
fmax but for conventional bipolar transistors this is not possible to achieve 
simultaneously as high current gain, thus one has to compromise.  
 
However, in a HBT (i.e. based on SiGe) the energy difference ∆Eg can be larger 
than zero, thus due to the exponential relationship in (3.1), base doping level can 
be allowed to be high, thus minimizing base resistance, without decreasing 
current gain. This increases the high frequency properties of HBT’s according to 
(3.2) and makes it possible to reach fT and fmax of 50-60 GHz with a SiGe 
process.  
 
To reduce the total system cost of future phased array antennas both high 
performance MMIC or RFIC should be integrated together with digital circuitry. 
To reach required performance in higher radar band, such as X-band, RFIC 
based on ordinary CMOS processes (commercially available) normally have to 
low fT and fmax. On the other hand using GaAs substrate for both analog MMIC 
and digital VLSI design is not suitable, due to lower yield compared to Si and 
the lack of complementary transistor structures. There are some examples on 
digital VLSI designs implemented in GaAs, but usually it is small digital control 
circuits and not large digital base band receivers.  
 
Due to the improved performance of HBT’s based on SiGe it is possible to build 
transistors with high enough fT and fmax to reach X-band. Expanding ordinary 
CMOS processes with SiGe HBT to a BiCMOS process makes it possible to 
integrate both high-frequency RFIC with digital VLSI designs.  

                                           
11 Reference [5] 
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3.3 Problem and specification 
This thesis includes both a research part and a design part. The main task is to 
examine a SiGe BiCMOS process from IBM, and try to optimise the LNA 
performance using this technology. A few circuit topologies are to be studied, 
with respect to bandwidth, gain, noise figure and linearity. Some of the circuit 
schematics studied have been designed with a layout implementation, and there-
fore simulated with parasitic effects under consideration. The results from the 
simulations may finally be compared with corresponding results of LNA’s using 
other processes and topologies. 

3.3.1 Target specification 
The main task given in this work is primarily to design an amplifier for the X 
band (8 to 12 GHz). It means the gain has to be acceptable in this frequency 
band, and the noise figure need to be sufficiently low. To evaluate the RF small 
signal performance of microwave amplifiers S-parameters can be used. A rea-
sonable target specification for an X-band LNA is given below. 
  

Forward Gain S21 > 10 dB 
Input Reflection Loss S11 < -10 dB 
Output Reflection Loss S22 < -10 dB 
Reverse Gain S12 < -20 dB 

  
Noise figure in the order of 3-5 dB or lower 

 
The amplifier has to be unconditionally stable (i.e. K>1 and B1f >0 for 
all frequencies) 

 
A second task given in this thesis is to investigate if it is possible to design SiGe 
BiCMOS LNA with the performance given above but with a much wider band-
width, say from 2-18 GHz.  
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4 Previous work 
 
This chapter present different RF and MW LNA topologies. There are several 
proposals on how RF and MW low noise amplifiers should be designed. The 
starting point of this study of possible topologies is some previously presented 
reports in the area.  

4.1 Previously presented LNA results 
This section summarizes some of the previous works on silicon-based RF and 
MW LNA’s. Focus is on amplifiers working at a frequency of 3 GHz and 
higher. In Table 4.1 results from some reports in the area are presented. The gain 
values referred to in this table are the measured values at the frequency of 
maximum gain unless otherwise stated.  
 

Process Topology Frequency 
(GHz) 

NF 
(dB) 

Gain 
(dB) 

IIP3 
(dBm) 

P1dB 
(dBm) 

Power Supply PDC 
(mW) 

Reference 

UTSi SOS 
0.5µm CMOS 

Single-stage CS 3 1.7 7 10 1 VDD=1.5 V 
IDD=10 mA 

15 
[6] 

UTSi SOS 
0.5µm CMOS 

Two-Stage 
Cascoded CS 

3 2.4 17 N/A -15 VDD1=VDD2=3V 
IDD1+IDD2=33mA 

100 [6] 

0.5 µm SiGe 
HBT 

Single-stage CE 
+ CC feedback 

15 4 dB 
up to 

15 
GHz 

10 dB 
up to 12 

GHz 

2 dBm -8 dBm VCC=3.3 V 
IC=7.2 mA 

24 [7] 

0.2 µm SiGe 
HBT 

Two-stage CE 23 4.1 21 N/A N/A VCtot=2.5 V 
ICtot=20 mA 

50 [8] 

0.35 µm 
BiCMOS 

Single-stage 
cascoded CE 

6 2.5 16 -7 -18 VCC=3.3 V 13 [9] 

0.35 µm CMOS Two-stage CS 5.8 3.2 7.2 6.7 3.7 VDD=1.3 V 20 [10] 
0.8 µm SiGe 
HBT 

Two-stage CE 16 4 11.5 N/A N/A VCC=1.5 V 
IC=5.3 mA 

8 [11] 

0.25 µm CMOS Single-stage 
cascoded CS 

7 1.8 8.9 5.7 N/A VDD=2.0 V 
ID=6.9 mA 

14 [12] 

Table 4.1 Performance for earlier presented LNA studies 

4.2 Common source/emitter single-stage 
The single-stage common source amplifier is the simplest of the analysed to-
pologies. It is used for instance in [6]. The topology presented in [6] is depicted 
in Figure 4.1 below.  
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VDD 

VGG  
Figure 4.1 Single-stage CS topology 
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Since this amplifier circuit contains only one single transistor its noise perform-
ance can be expected to be better compared with a corresponding LNA com-
posed of several active devices. Further, a layout with only one stage should be 
smaller than one with more stages. Fewer active components should also give 
better linearity. The drawbacks are that one stage cannot usually accomplish as 
high gain as a two-stage amplifier and the isolation between output and input is 
not as high in a one-stage amplifier as it is in a two-stage amplifier.  

4.3 Cascoded common source/emitter single-stage 
To increase the gain of a single-stage amplifier a second transistor can be used 
as a cascode transistor. In Figure 4.2 the circuit topology for a CMOS cascoded 
single-stage amplifier is depicted. This topology is utilized in [9] and [12]. 

 

RFin

Ls 

M1 

Lchoke 

VDD 

M2 

RFout

 
Figure 4.2 Single-stage Cascoded CS topology 

One advantage of a cascoded stage compared to a single stage is improved 
reverse isolation. This is due to the fact that the second transistor reduces the 
Miller effect that originates from the gate-drain impedance of the first transistor. 
The drawback with a cascoded stage is that the output dynamic range is limited, 
which in turn reduces linearity of the amplifier.   

4.4 Cascoded common source/emitter dual-stage 
As mentioned earlier one stage cannot always deliver the desired gain, so in 
order to increase gain a second transistor stage can be added. In [6] a two-stage 
amplifier with a cascoded common source stage is used. The second stage is an 
ordinary common source stage. The topology is depicted in Figure 4.3 below.  
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Figure 4.3 Two-stage Cascoded CS topology 

The advantage with this circuit topology is that the gain is increased compared 
to the single stage. Isolation is also improved, firstly by the fact that there are 
two stages, and secondly because the cascoded stage has better isolation by 
itself, compared with an ordinary common source. Drawbacks are higher noise 
level due to more transistors and other circuit components and lower circuit 
linearity. 

4.5 Wide band single-stage 
The topology described in this section was utilized in [7] and the reported results 
show that high gain has been achieved with only one stage. This single-stage 
amplifier consists of a common emitter transistor with resistive emitter degen-
eration, and a feedback loop with an emitter follower. Circuit topology is 
presented in Figure 4.4.  

 

RFin 

RFout 
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VCC 

R4 
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T2 

 
Figure 4.4 Single-stage CE with emitter-follower in feedback loop 

Flat amplitude response and input and output matching can, according to [7], be 
achieved by using resistive emitter degeneration at the CE stage (T1) and a shunt 
feedback loop consisting of T2, R3 and L1. The emitter follower in the feedback 
loop increases the collector-emitter voltage on T1, which increases fT for the 
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transistor and thereby improves RF performance. The inductor L1 is used to 
boost the amplitude response up in frequency, by introducing a zero at a rela-
tively high frequency, something that results in an increased amplifier band-
width. 

4.6 Two-stage common emitter 
In [8] a low-noise amplifier topology consisting of two cascaded CE stages is 
presented. This structure is also used in [10] and [11] with various results. In 
Figure 4.5 the topology is described. 
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Figure 4.5 Two-stage Cascaded CE topology 

This two-stage amplifier can be designed so that the first stage has low noise and 
the second stage has high gain. The first stage is designed as an ordinary CE 
low-noise amplifier with inductive emitter degeneration, to match the circuit to 
the desired input impedance and to achieve simultaneous noise and power 
match. The second stage can be designed with high gain, and if the gain of the 
first stage is not too low, the noise of the second stage will not contribute too 
much to the total noise of the circuit.  
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5 Process technology description 
 
The transistor technology used in our circuit designs is a SiGe process from 
IBM. In this chapter the process will be described, and explanations will be 
given on how and why certain circuit components were chosen. The component 
choices were based on data from the design manuals provided by IBM.  

5.1 Technology description12 
The IBM process Blue Logic BiCMOS 6HP is a state-of-the-art bipolar CMOS 
process, which enables high performance RF circuitry to be used together with 
digital circuits. The process provides the designer with a high performance SiGe 
HBT with maximum fT at 47 GHz together with a 2.5 V 0.25 µm CMOS 
process. 
 
The BiCMOS 6HP process has a thick dielectric and a thick top metal layer, 
which raises the performance of passive components, such as inductors and 
capacitors.  
 
The process offers two different versions of the HBT, each with three sizes on 
the emitter width. The high-fT version is suitable for high-speed applications 
while the high-breakdown device, which has a modified collector, offers a 
device for high voltage applications. 
 
The FET devices in the process are a 2.5 V, 5.0 nm gate-oxide FET and a 3.3 V, 
7.0 nm gate-oxide FET.  
 
The process offers six layers of metals where the top layer is a thick metal layer 
suitable for passive RF circuitry. Two types of capacitors are offered, MOS 
capacitance with a capacitance of 3.10 fF/µm2 and a metal-insulator-metal 
(MIM) capacitor with a capacitance of 0.70 fF/µm2. There are four types of 
resistors offered to the designer with different doping levels: 
 

Polysilicon 1  3600 Ω/square 
Polysilicon 2    210 Ω/square 
p-doped silicon    100 Ω/square 
n-doped silicon          63 Ω/square 
 

A scalable inductor model is supplied with octagonal spiral inductors made in 
the top metal layer, and shielded from the substrate with either a deep-trench 
grid or a grounded polysilicon layer. Apart from the spiral inductors a model of 
                                           
12 Reference [13] 
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a line inductance model is also provided, which can also be used to create very 
small inductances. 

5.2 Transistor choice 
To choose the most suitable transistor size a comparison between data is done. 
The most important parameters for a low-noise amplifier are gain, noise level, 
linearity, DC currents and bandwidth.  
 
The size of the transistor is defined as the width and length of the emitter. As 
mentioned earlier three different widths are provided. By comparing the noise 
levels for the different transistor sizes, one can chose the most optimal for the 
low noise application. Careful studies of the foundry-provided models and 
design manuals yields that the smallest width generates the lowest noise, so the 
conclusion is that the width of the emitter should be chosen to 0.32 µm. 
 
To determine the length of the transistor one compares the S-parameters for the 
transistors. The amplifier also needs an acceptable gain apart from the noise per-
formance, so S21 is the interesting parameter to analyse. Three sizes of transis-
tors are simulated, with biasing that lies near their maximum fT, in the simulator 
Cadence RF Spectre. The results are presented in Figure 5.1 below and show 
that an emitter length of 16.8 µm is appropriate. The reason that only these three 
sizes were tested is that fT-curves were only supplied for these sizes in the model 
guide. Other sizes were also tested in the amplifier structures described later on, 
but none of them gave better results than 0.32 µm x 16.8 µm. 

 
Figure 5.1 S21 simulated for transistors 0.32µm x (16.8µm, 4.2µm, 1.04µm) 



Process technology description 

 21

 
The large signal behaviour of a single transistor with a given size is depending 
on the current through it, but a rough measurement from the diagrams in the 
model guides yields that a current between 5 mA and 10 mA gives almost the 
same compression points and intercept points. With a collector current of 5 mA, 
a 1-dB compression point of –10 dBm on the input and a third-order inter-
modulation intercept point of 0 dBm referred to the input are achieved. The 
conclusion of this section is that given the performance diagrams provided in the 
model guide, the optimal emitter size for a high-fT bipolar transistor is 0.32 x 
16.8 µm2. 

5.3 Comments on inductors 
This section will comment on some issues concerning the provided inductors. 
The comments intend to clarify some of the methods that were used in the 
simulations. 
 
There are two types of inductors available in the foundry-provided model 
library. The first one is an octagonal spiral inductor, which is built in the highest 
analog metal layer. Spiral turns can be incremented in quarter turns, which only 
provides certain discrete inductance values. The second one is a line inductance 
that can be used to model inductance in long wires, or as a very small inductor. 
To decrease the parasitic coupling between the windings and the substrate, thus 
increasing inductance, a shielding layer is placed underneath the inductor 
windings. A shielding layer can also be used for the line inductance for the same 
reason.  
 
The model library does not account for the frequency dependence of the induc-
tors. The model for an inductor does however calculate parasitic effects in the 
inductor but only at a single frequency. This can lead to rather large simulation 
errors if a circuit is simulated in a wide band. An error in the results of ten per-
cent is found when fsim is changed from 2 GHz to 10 GHz, for example. To 
illustrate this effect a comparison between Q-factors at different simulation 
frequencies for a 1.555 nH spiral inductance is shown in Figure 5.2. 
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Figure 5.2 Q-value for a planar spiral inductor L=1.555 nH, for simulation frequency 6, 10, 25 GHz 

 

To avoid simulation errors a simulation in the large frequency range of 1 to 20 
GHz is instead divided into 1 GHz intervals. The centre frequency in each range 
is then used as simulation frequency, and errors 500 MHz away from the centre 
frequency is not larger than 1 %. All simulations are then summarized in a table. 
A drawback with narrow band simulations is that it does not provide the same 
overview of the results as a simulation in the whole band do. To present the per-
formance of the circuit in an easier way the results from wide band simulations 
are plotted and presented. The graphs provided in this report are plotted from 
simulation runs with a certain simulation frequency. The used frequency has 
been chosen based on what frequency interval that is relevant for the circuit. The 
simulation frequency is annotated in the figure text for all diagrams. When 
studying these graphs one should however keep in mind that the results at the 
start and end points of the simulation interval might differ from the result 
presented in the report, due to the fact described previously. 

5.4 Resistor choices 
When designing an integrated circuit with resistors one should bear in mind that 
a large resistor area means that a large parasitic capacitance exists between the 
resistor and the substrate. The resistor area should for this reason be chosen as 
small as possible. Different kinds of resistors have different current handling 
capabilities and silicon-based resistors can handle more current per micrometer 
unit-width compared with polysilicon-based resistors.  
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5.5 Capacitor choices 
Metal-insulator-metal (MIM) capacitors are used in our designs. These capaci-
tors are made of the top analog metal layer and the fifth metal layer, with a 
dielectric layer in between. The use of deep-trench isolation layer reduces the 
parasitic capacitances between the metal plates and the substrate.   

5.6 DC and RF pads 
The DC and RF pads used in our designs are square sized pads, with a size of 
110 x 110 µm2. To reduce the capacitance between the top-metal layer in the 
pads and the substrate an isolated shielding grid is placed in the substrate 
beneath the top metal layer.  
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6 Design and Circuit Simulation 
 
In this chapter the results of schematic simulations of our designs are presented, 
together with comments on how component values were chosen. 

6.1 Simulation issues 
When simulating circuit performance on a schematic level one does not 
normally start by taking parasitic effects of bond pads and losses in wires into 
account. However all circuit components used are modelled with foundry pro-
vided models that take parasitic effects in the active and passive components 
into account. Results of the circuit schematic simulations therefore can be 
looked upon as a first design step and also as an approximative solution. In a 
schematic view, circuit component values also can be varied without the 
necessity of having to change the layout.  
  
As mentioned previously in this thesis there are many performance demands that 
should be considered when designing low noise amplifiers. To be able to esti-
mate the performance of the circuit topologies studied in the 0.25 µm SiGe 
BiCMOS technology a series of simulations are made using the commercially 
available circuit simulator Cadence RF Spectre.  
 
The presentations of the circuit topologies studied begin with a short motivation 
why they are being used followed by comments on differences compared with 
preciously reported LNA designs. After that a discussion is made on how circuit 
component values and bias conditions are chosen. Component values used in our 
designs are summarized in layout chapter, for both schematic and layout. 
Results from simulations are presented both as a table according to narrow band 
simulations and as S-parameter and noise plots. The results from layouts simu-
lations when also the effects of parasitics in bond pads and metal wires are 
included in the simulations are presented later in this report.  

6.2 Circuit topologies 

6.2.1 Single-stage CE amplifier 
In this section, a single-stage CE amplifier design is described. The topology 
used for this amplifier is almost identical to the one presented in section 4.2. 
One reason that we chose to design a single-stage LNA with this topology is that 
it is simple and also relatively easy to evaluate. The circuit schematic of this 
amplifier is depicted in Figure 6.1 below.  
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Figure 6.1 Single-stage CE LNA 

The only difference compared with the topology described in section 4.2 is that 
the bias resistor Rbias is placed left to Lin. According to circuit simulations, this 
has the effect of increasing the input matching bandwidth.  
 
The value of Rbias is chosen large enough to block RF signal from leaking to the 
base supply voltage (VBB). In our design the value is chosen to 5 kΩ, realized as 
5 serially connected 1 kΩ polysilicon resistors. The polysilicon resistor type is 
used since the base current is quite low. 
 
To set the bias point of the collector, and at the same time block RF signals from 
leaking to the collector supply voltage, an inductor Lchoke is used. This inductor 
works as a short for the DC current when resistive losses are neglected. For the 
intended frequency range, the inductor should act as a block. The intended fre-
quency range is as mentioned earlier 8 to 12 GHz. This means that impedance 
for the inductor has to be large enough in this region. An impedance of 150 Ω at 
8 GHz is equal to a inductance value of 3 nH, as shown in (6.1). 
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The choke inductor is realized as two serially connected inductors in order to 
increase the inductor resonance frequencies. The two inductors have each an 
inductance value of 1,486 nH.  
 
The value of the DC blocking capacitors (Cblock) can be chosen so they do not 
influence the matching of the circuit. It means, the impedance value of these 
capacitors at the frequencies of interest has to be small enough to be considered 
as short for RF signals 
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The absolute impedance value of a 3.2 pF DC block capacitor equals 5 Ω at  
10 GHz (see eqn. 6.2).   
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The value of the emitter degeneration inductor (Le) is chosen to 160 pH. Since 
this inductor value is quite small, one might think that it would not matter at all. 
However simulations reveal that it matters very much. Without the inductor, 
amplifier noise figure increases, and amplifier gain is reduced. The same effects 
occur with a higher value of the inductor, so conclusion is that a value of 160 pH 
is appropriate to use.  
 
Due to the fact that the amplifier is unstable when no feedback is used a 
negative resistive feedback loop between collector and base is applied. The im-
pedance in the feedback loop can be varied in order to make the amplifier un-
conditionally stable. A higher impedance means the circuit come closer to the 
non-feedback case and thus becomes unstable. A lower impedance on the other 
hand, makes the amplifier more stable, by increasing the current that flows 
through the feedback loop. The drawback with this approach is that the gain is 
reduced and the noise figure is increased. The amount of feedback is for this 
reason chosen as large as possible without risking instability. The capacitor in 
the feedback loop blocks the bias at the collector from the bias at the base, and it 
also raises the total impedance of the feedback circuit at lower frequencies. 
Simulations and parametric sweeps reveals that appropriate values of the feed-
back resistor and capacitor are Rf=800 Ω and Cf=1,47 pF, respectively. The peak 
value of the current (Ipeak) that flows in the feedback loop can reach a few mA if 
the input power is high enough. A transient analysis of the circuit for an input 
signal at 10 GHz with amplitude of 320 mV (almost 0 dBm) yields a maximum 
current of 3 mA flowing through the feedback loop. This analysis implies that a 
resistor made of polysilicon would have to be made very wide to withstand a 
current of this magnitude, so instead an n-doped silicon resistor is used.  
 
The input impedance matching network is accomplished using Lin together with 
the emitter inductor. The value of Lin is tuned with the help of a parametric 
sweep in the simulator. This value is set so that an appropriate input impedance 
matching is achieved in the interval of 8 to 12 GHz. According to simulations, a 
value of 670 pH seems to be appropriate.  
 
In order to also match the amplifier to a 50 Ω load of the output, an L-matching 
network is used. The inductor value (Lout) is chosen to achieve match in the X 
band. The shunted output capacitor (Cout) widens the band in which matching is 
achieved. The values of Lout and Cout are 1.03 nH and 200 fF, respectively. 
 
The appropriate bias conditions for this amplifier occur for a collector voltage of 
around 2 V. The maximum value of fT is reached for a collector current of 
around 7 mA. However, in order to reduce the noise level a lower value should 
be used. This of course reduces the fT (and thereby also the gain bandwidth) but 
fT is still above 40 GHz for collector currents above 3 mA. The transistor 
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minimum noise figure (NFmin) is reduced faster than fT if current is decreased, so 
one should try to find a suitable current that results in a good compromise 
between high fT and low NF. By using a parametric sweep in the simulator an 
optimal collector current is found and its value is IC=3.73 mA. The bias for this 
circuit is summarized as: 
 VBB = 1.1 V  ; VCC = 2 V  ;  IC = 3.73 mA 
This corresponds to a total power dissipation of: 
 mWmWIVP CCCDC  5.7 73.32 =⋅=≈  
 
Results from S-parameter simulations are presented below. Firstly results from 
narrow band simulations are presented and after that plots of the wide-band 
simulations.  
 
Summary of LNA performance:  
 Gain (S21): 9.3 dB at 8 GHz, 8.3 dB at 10 GHz, 6.5 dB at 12 GHz 
 Noise Figure (NF): 3.4 dB at 8 GHz, 3.7 dB at 10 GHz, 4.2 dB at 12 GHz 
 Input Return Loss (S11): < -10 dB for frequencies higher than 5.7 GHz 

Output Return Loss (S22): < -10 dB for f = 7,3 – 12.1 GHz 
 
The large signal performance of the amplifier has been analysed using first a 
single tone test and then a two tone test (where two sinusoidal signals with 
slightly different frequencies occur at input) and then the amplitude has been 
swept. 
 
The 1 dB compression point and the third order intercept point have been 
estimated at frequencies f1=8 GHz and f2=8.1 GHz. The simulated results are: 
 
LNA large signal performance: 
 P1dB = -12,9 dBm referred to the input 
 IIP3 = -1.14 dBm 
 OIP3 = 8.0 dBm 
 
Plots of the S-parameter simulations are depicted in Figure 6.2 below. As can be 
seen, X-band is the upper limit for this amplifier, because the gain falls off very 
quickly after 12 GHz.  
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Figure 6.2 S-parameter plot for single-stage CE LNA (simulation frequency 10 GHz) 

 
The LNA noise figure is depicted in Figure 6.3 together with the minimum noise 
figure. NF is lower than 5 dB for frequencies up to almost 15 GHz. It can also 
be seen that noise matching occurs around 10 GHz, where also the best output 
power matching is achieved.  

 
Figure 6.3 Noise figure for single-stage CE LNA  (simulation frequency 10 GHz) 
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The amplifier has a gain bandwidth (where gain is larger than unity) of about  
15 GHz and the noise figure is below 4 dB from 1 GHz to 11 GHz, and below  
5 dB up to 14 GHz.  

6.2.2 Two-stage CE cascoded amplifier 
The results presented above for our single-stage CE amplifier shows that an 
amplifier gain above 10 dB could not be reached. Achieving an amplifier gain 
above 10 dB is often desirable, since it reduces the contributing noise of sub-
sequent stages in a receiver chain. A two-stage amplifier could raise the gain at 
the expense of somewhat higher noise figure.  
 
As discussed previously in this thesis a cascoded CE amplifier provides higher 
isolation than an ordinary CE amplifier. A cascoded CE circuit is used as input 
stage in this amplifier. This circuit is designed to have low noise figure and 
relatively high gain. The first stage is also optimised to achieve good input 
match, in the desired frequency band (8 – 12 GHz). The second stage is imple-
mented as a CE stage. This stage is also optimised for low noise and high gain. 
 
This amplifier topology is similar to the one analysed in [6], the main difference 
between the two topologies being that in our design a negative feedback loop is 
applied to the second stage for stabilization. The circuit schematic is depicted in 
Figure 6.4.  
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Figure 6.4 Cascoded two-stage CE LNA 

The bias resistance (Rbias1) of the first stage is placed in front of the input 
matching inductor (Lin) since, according to simulations this results in that a rela-
tively good input match is achieved.  
 
The first and the second stages are implemented with inductive emitter degen-
eration in order to simultaneously achieve both good noise and match imped-
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ance. For the first stage the minimal available spiral inductor value of 160 pH, 
results in the best performance. The inductor value used for emitter degeneration 
in the second stage is tuned to achieve higher gain and also to match the two 
stages together. Simulations show that a slightly higher value for the emitter 
inductor in the second stage accomplishes a better matching between the two 
stages. The value of this inductor is chosen to 233 pH. 
 
Input impedance matching is also accomplished with Lin together with Cblock1. 
The input capacitor blocks DC at the input, and forms a high impedance at low 
frequencies, which adds to the matching network. The input inductance value is 
used to tune the matching to the X band. Lin is tuned to a value of 1.486 nH 
while the capacitance is set to a value of Cblock1 = 903 fF.  
 
To supply the collectors with appropriate bias voltage without losing the signal 
to the supply, choke inductors (Lchoke1 and Lchoke2) are used. In this amplifier 
design the same inductance value has been chosen for the RF chokes in the two 
stages. The choke inductors are implemented as two smaller serially connected 
inductors. In order to efficiently block RF signal from leaking to the voltage 
supply (also AC ground) an RF choke inductance value of around 3 nH is typi-
cally needed, as explained in section 6.2.1. For this amplifier design a total RF 
choke inductance value of 3.11 nH (evenly distributed onto two planar spiral 
inductors) is used. 
 
The positive feedback loop in the first stage of this amplifier design consists of 
the inductance Ls, which together with Cblock2 realizes a high-Q LC-tank that 
increases the gain of the circuit. Resistance RS is then used to reduce the Q-
factor and increases the bandwidth of the amplifier. Capacitor Cblock2 also serves 
as a DC blocking capacitor. Component values are determined from parametric 
sweep simulations, and optimisation is done with respect to amplifier gain. 
Cblock2 is chosen large enough to act as a short between the two stages, so a value 
of 3.0 pF is chosen. The resistance is tuned to a value of RS=300 Ω and the 
positive feedback inductance (LS) is chosen to 2.6 nH.  
 
The second stage has been designed with a negative feedback loop for stabili-
zation. The feedback loop consists of a resistor Rf that serves as low frequency 
impedance, and an inductor Lf that increases the impedance in the feedback loop 
at higher frequencies. This solution is chosen since the stability problems occur 
mainly at lower frequencies, thus smaller feedback impedance is needed there. 
The blocking capacitor Cblock3 is used to isolate the base bias from the collector 
bias, and it also matches the two stages together. The gain and noise perform-
ance is degraded somewhat, when negative feedback is applied. Hence, the 
negative feedback RF resistance should be chosen as large as possible. Rf is 
tuned until stability is achieved, and then it is decreased by 10 % to supply some 
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margin for process variation. Rf is set to the value of 300 Ω while the feedback 
inductance (Lf) is tuned to a value of 891 pH. It means that for a frequency of 
roughly 10 GHz the total feedback impedance is increased with 20 %. Cblock3 is 
set to about 3 pF, which means that it works as short circuit for frequencies 
higher than 8 GHz.  
 
The output impedance matching achieved for this amplifier circuit is rather good 
even without using any large matching networks at the output. Tuning of the 
output match to the desired frequency band is done with the output capacitor 
Cblock4. For the matching to occur at X-band a capacitance value of 232 fF is 
chosen. The impedance value of the output capacitor is then around 70 Ω for 
frequencies in the vicinity of 10 GHz.  
 
There is a disadvantage in using a cascode stage since it reduces the output 
voltage swing, which plays an important roll in the linearity of the complete 
circuit. For this reason the collector bias of the first stage is increased to 2.5 V 
instead of the 2 V used for the single-stage CE stage described in section 6.2.1. 
The second stage is also biased with 2.5 V on the collector, which increases the 
linearity of this stage and also raises the gain. 
 
The two stages of this amplifier circuit are primarily designed as single-stage 
amplifiers and then connected in cascade to achieve higher gain. Both of them 
have a base bias that minimizes the noise at the expense of somewhat reduced 
fT. The first stage has a base bias of 1 V, which yields a collector current of  
2.34 mA through T1 and T2. Unity-gain frequency is not maximized for this 
current but is still above 40 GHz. The second stage has a slightly higher 
collector current, which increases fT and gain slightly. Collector current for the 
second stage is IC2 = 3.9 mA. Since the noise figure of the whole amplifier is 
primarily set by the noise of the first stage the higher current used in the second 
stage does not result in a dramatic increase of the overall noise figure.  
 
Bias voltages and currents that have been used for this amplifier is summarized 
below:  
 VBB1 = 1.0 V ; VCC1 = 2.5 V ; IC1 = 2.34 mA 

VBB2 = 1.1 V ; VCC2 = 2.5 V ; IC2 = 3.9 mA 
Neglecting the currents supplied by VBB1 and VBB2, total DC power dissipation 
is: 
 mWIVIVP CCCCCCDC  6.152211 =+=  
 
The small signal performance of this LNA is simulated on a schematic level and 
presented as S-parameter and noise figure data.  
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Figure 6.5 S-parameters for two-stage cascoded CE LNA (simulation frequency 10 GHz) 

S-parameters presented in Figure 6.5 show that an input and output impedance 
matching better than 10 dB almost is achieved over the whole X-band while a 
gain higher than 10 dB is achieved for a much wider bandwidth.  
 
The noise figure data presented in Figure 6.6 displays a very sharp increase in 
amplifier noise figure for frequencies above 10 GHz. As can be seen in Figure 
6.6 NF is below 4 dB up to 10 GHz and below 5 dB up to 12 GHz.  
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Figure 6.6 Noise figure for two-stage cascoded CE LNA  (simulation frequency 10 GHz) 

 
The results from the somewhat more accurate narrow band simulations are 
presented next. 
 
LNA performance:  

Gain (S21): > 10 dB in the range: 2.58 GHz to 13.88 GHz 
Noise (NF): < 5 dB in the range: 1,28 GHz to 12.0 GHz 
Input Return Loss (S11): < -10 dB in the range: 7.6 GHz to 11.78 GHz 
Output Return Loss (S22): < -10 dB in the range: 8.3 GHz to 12.32 GHz 

 
The 1 dB compression point for this amplifier occurs at an input power of  
–22.6 dBm, when the frequency equals 8 GHz. The input referred third order in-
termodulation point (IIP3) equals -12.35 dBm (estimated using two input signals 
with frequencies 8.0 GHz and 8.25 GHz, respectively). The output referred 
intercept point (OIP3) is 6 dBm. 

6.2.3 Two-stage CE wide-band amplifier 
In [8] an LNA with very interesting performance is presented, and for this 
reason this structure is tested. In this LNA two cascaded transistor stages are 
utilized in order to increase the gain. In the two-stage amplifier described in the 
previous section two separately designed low-noise amplifiers were connected 
to increase the gain. In this design only the first stage is designed for low noise, 
and the second stage is instead optimised for high gain. It is then possible to use 
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a higher collector current in the second stage in order to reach a higher fT some-
thing that results in an increased gain and bandwidth.  
 
In order to determine the gain the first stage has to provide, Fries formula (page 
6) for noise figure in cascaded systems is used. Noise figure for the second stage 
is assumed to be 5 dB at 10 GHz. For the first stage a noise figure of 3.0 dB is 
assumed at 10 GHz. If an LNA noise figure of 4 dB at 10 GHz should be 
achieved the following gain has to be provided by the first stage: 
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An amplifier of 7 dB should be possible to reach even with a noise figure of  
3 dB.  
 
However to be able to use the amplifier in a wide frequency band an adequate 
input and output impedance and matching should be achieved over a large band-
width. For this circuit effort has been made on designing a wide-band matching 
network. The circuit used for this amplifier design is depicted in Figure 6.7. As 
can be seen only the first stage has been implemented with inductive emitter 
degeneration.  
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Figure 6.7 Two-stage cascaded CE amplifier, input and output matching networks denoted 

The bias circuitry is chosen so that a low signal leakage is accomplished. Bias 
resistor values for both transistors are chosen as large as 5 kΩ, which is large 
enough not to influence the matching. Choke inductors on the collectors are im-
plemented as two serially connected 1.555 nH planar spiral inductors, which 
yields a total inductance of 3.11 nH.  
 
Blocking capacitors Cblock1, Cblock2, Cblock3 and Cblock4 are used to block DC power 
from reaching the amplifiers, and to isolate bias at base and collector from each 
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other. All these capacitors are designed to have low impedance for the intended 
frequencies. A value of 3 pF corresponds to an impedance of 5 Ω at a frequency 
of 10 GHz. To avoid resonance phenomena in the capacitors, they are imple-
mented as two parallel plates each with 1.5 pF capacitance.  
 
Inductance Le that forms the inductive emitter degeneration is first set to the 
smallest available spiral inductance value. To investigate if a better performance 
could be reached a line inductance was used (set to a width of 25 µm). To move 
input impedance matching point closer to Γopt the length of the line inductor is 
tuned, and a value of 150 µm that corresponds to an inductance value 87.04 pH, 
provided the lowest possible noise figure. For a frequency around 11 GHz the 
noise figure is almost equal to NFmin, thus Γopt is almost reached.  
 
The cascaded amplifier was not stable at frequencies around 5 GHz when no 
feedback was applied. Since the stability problems occurred at the lower fre-
quency region an inductive feedback was applied. Thus feedback is reduced 
with higher frequencies, which increases the bandwidth of the amplifier 
compared if a resistive feedback would be used. Starting from a small value the 
feedback inductor is increased until instability occurs, and then Lf is reduced 
around 10 % to achieve some margin. Le is set to 2.06 nH, which at 5 GHz cor-
responds to an impedance of 65 Ω and at 10 GHz to 130 Ω. 
 
Power match at input is reached when the input reflection coefficient is equal to 
the conjugate of the source impedance. With a source impedance of 50 Ω the 
centre of the Smith chart is the target for S11. A single inductor at the input has 
been used in the design of both the single-stage CE amplifier and the two-stage 
cascoded CE amplifier. As can be seen for the matching of these circuits (see 
Figure 6.2 and Figure 6.5 respectively) S11 is close to zero only for a single fre-
quency, which is due to that the serial resonance circuit consisting of an input 
inductor, an base-emitter capacitor and an emitter inductor only has one reso-
nance frequency.  
 
Adding a shunted capacitor in front of the input inductance implements a L-
matching network. The extra shunted capacitor does not add more resonance 
frequencies but increases the degree of freedom, thus makes it possible to match 
the circuit for a wider range of frequencies.  
 
By adding another inductor in serial with the L-matching circuit a T-network is 
built on the input. The extra serial inductance introduces one more zero in the 
nominator of the input impedance, thus two resonance frequencies can be found. 
Tuning the circuit components so that one resonance frequency is placed in the 
lower part of the frequency range and one in the higher, a wide band input match 
can be achieved.  
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Tuning of the three matching components is made using the Cadence RF Spectre 
simulator. An input reflection coefficient lower than –10 dB is achieved in the 
frequency range of 4.8 GHz to 13.8 GHz. The component values used are 
Lin1=1.289 nH, Lin2=1.555 nH and Cin=200 fF.  
 
The output-matching network consists of an output inductor and a balanced 
matching network. The balanced matching circuit consists of an RC network to 
balance the phase of the output signal, thus achieving a real output impedance. 
By tuning the values of the output network, resistive output impedance with a 
value close to 50 Ω can be reached. With this output network an output 
matching bandwidth of nearly 13 GHz is achieved according to simulations.  
 
To reach a collector current that maximizes fT for the second transistor stage a 
base bias of 1.4 V is needed. The collector current is then 7.653 mA, which is 
close to the fTmax point. The first stage is biased for low noise, thus a lower 
collector current is used for this transistor. IC1 cannot be set too low however, 
because then fTmax will be reduced to an unacceptable level for the first stage. A 
collector current of 3.62 mA yields good results. A collector current of 3.6 mA 
yields a noise figure in order of 2.5 dB at 10 GHz for a single transistor. The 
collector voltage bias is set to 2.0 V to minimize the power consumption of the 
amplifier. The dynamic range of the amplifier and thus the linearity could 
maybe be increased with a higher collector voltage, but since both stages are 
single transistor stages the dynamic range is acceptable for a 2.0 V collector 
bias. The bias conditions can be summarized as follows: 
 
 VBB1=1.1 V ; VCC1=2.0 V ; IC1=3.62 mA 
 VBB2=1.4 V ; VCC2=2.0 V ; IC2=7.65 mA 
  

Dissipated power: PDC=22.73 mW  
 

Narrow band simulations show some interesting results. The gain of the 
amplifier is higher than 10 dB for a frequency range of 11 GHz. The noise figure 
is below 5 dB for a frequency range of also 11 GHz. Input matching is better 
than –10 dB in the range 4.8 GHz to 13.8 GHz, and output matching is better 
than –10 dB from 2.2 GHz to 16 GHz.  
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Figure 6.8 S parameter results for two-stage cascaded CE amplifier (simulation frequency 10 GHz) 

 
S-parameter results depicted in Figure 6.8 displays a gain and input/output 
matching that is acceptable in a frequency range of 5 GHz to 13 GHz thus a 
bandwidth of 8 GHz is achieved.  
 
The simulated noise performance for the amplifier is shown in Figure 6.9. Data 
show that noise figure is lower than 5 dB in a frequency band of almost 11 GHz 
(from 1.5 GHz to 12 GHz). 



Design and Circuit Simulation 

 39

 
Figure 6.9 Noise performance for two-stage cascaded CE amplifier (simulation frequency 10 GHz) 

Large signal behaviour is measured by compression point and intermodulation 
intercept point. The 1 dB compression point is simulated at 10 GHz and equals 
-20.4 dBm referred to the input. The third order intermodulations intercept point 
is measured at f1=10 GHz and f2=10.2 GHz and yields an IIP3=-7.8 dBm. 
 
In Figure 6.10 shown below, simulation data of S21 is presented for three 
different simulation frequencies. As can be seen the difference in parasitics for 
the inductors at different frequencies is important in order to correctly describe 
the circuit performance. It is also clear from Figure 5.2 (page 22) that the differ-
ence is larger for lower frequencies than for higher, which also is noticeable in 
Figure 6.10.  
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Figure 6.10 Comparison of S21 at three different simulation frequencies 5, 10 and 12 GHz 

6.2.4 Wideband single stage amplifier 
An alternative solution for a single stage amplifier has been presented in [7]. 
This topology uses an emitter follower in the feedback loop to achieve input 
impedance matching without contributing with noise. Initial tests on the topol-
ogy presented on page 17 chapter 4.5, did not meet the given specification and 
the circuit had to be altered extensively to give a performance that could be con-
sidered as rather good.  
 
Extensive testing and component tuning lead to the circuit depicted in Figure 
6.11.  
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Figure 6.11 Single-stage CE LNA with emitter follower in feedback loop 
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Compared to the topology presented in section 4.5 some differences can be 
noted. The current through the emitter follower is determined by R4 in the 
original topology (See Figure 4.4). To have a better control over this current a 
symmetric current mirror is designed, and inserted to replace R4. M1 and M2 are 
realised as two 0.25 µm NMOS transistors with size 0.8 µm x 40 µm. 
 
Another difference compared with the amplifier design described in section 4.5 
is that no emitter degeneration is used in our design. Simulation results show 
that resistive or inductive emitter degenerative impedance only impairs circuit 
performance. For testability concerns the bias of each transistor is controlled by 
two independent voltage sources. The bias resistors (Rbias1 and Rbias2) are both set 
to a value of 5 kΩ and the blocking capacitors (Cblock1 and Cblock2) are set to a 
value of 3 pF, so that RF impedance in the signal path is kept low.  
 
Inductance L1 has been added to insert a zero in the amplitude response, 
resulting in a boost up in frequency for the gain curve and thereby in an increase 
of the amplifier bandwidth. It also works as a RF coil that prevent RF signal 
from reaching the collector supply.  
 
Again, transistor T1 is the amplifying transistor and should be biased to maxi-
mize bandwidth, implying a current that maximizes fT should be chosen. For this 
transistor a current of 6.28 mA is suitable to maximize bandwidth, and a base 
supply voltage of 1.3 V is needed to supply this current. Collector bias for both 
transistors is set to 2.5 V in order to increase dynamic range. Tuning of base bias 
for transistor T2 resulted in that a base bias of 2.5 V was found suitable and the 
feedback current IC2 then becomes 804 µA. Power dissipation for this amplifier 
when biased with 2.5 V is 18.1 mW.  
 
The component values L1, L2, R1 and R2 are tuned in RF Spectre and chosen in 
order to maximize the bandwidth. The component values are presented below. 
 
 L1 = 1.858 nH spiral inductance 
 L2 = 2x1.947 nH serially connected spiral inductance 
 R1 = 120 Ω n-doped silicon resistance 
 R2 = 180 Ω n-doped silicon resistance 
 
The results from S-parameter simulation of this LNA design are presented in 
Figure 6.12. One interesting result is that the amplifier provides a relatively 
high, flat gain for a wide frequency band. The gain is close to 10 dB from  
1.9 GHz to 10 GHz. The amplifier provides gain for frequencies higher than  
20 GHz, which can be considered quite impressive since fT and fmax are in the 
order of 45 GHz and 65 GHz respectively. Input matching is better than –10 dB 
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in the range of 1.4 GHz to 8 GHz, and the output match is better than –10 dB 
between 1.3 GHz and 7.5 GHz.  

 
Figure 6.12 S parameter results for wide-band single-stage LNA (simulation frequency 8 GHz) 

As can be seen in Figure 6.13 a noise figure below 5 dB is not achieved for this 
LNA design. Many different solutions have been tested to come to turn with this 
problem. One is to lower the current through T1 in order to reduce the noise, but 
this also, of course, has the effect of reducing the gain and bandwidth.  

 
Figure 6.13 Noise performance for wide-band single-stage LNA (simulation frequency 8 GHz) 
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7 Layout and Simulations 
 
This chapter addresses some important properties that should be considered in 
circuit layout, such as connection to the circuits and also parasitic effects. Next 
layouts of some of the circuits studied in this thesis will be presented together 
with corresponding simulation results based on extracted netlists from the 
layouts.  

7.1 Bias and RF connections 
The LNA designs presented in this thesis are to be implemented on circuit 
layouts. For MMIC it is many times preferred if measurements can be made on-
wafer. RF probes can then be used in order to minimize reflections between the 
device under test and coaxial line RF connectors.  
 
The effects of RF probes on S-parameter measurement can be compensated 
using standard methods and on-wafer calibration kits. This defines the S-
parameter reference plane at the probe tips rather then at the measurement 
instrument interfaces 
 
The placement of input and output RF pads as well as DC pads are often deter-
mined by the measurement equipment used (such as probe stations for example). 
In the LNA designs presented in this thesis input and output RF pads are placed 
on the left and right side of the layouts, respectively. DC pads are placed on the 
top edge of the layouts. 
 
The probes used to connect the RF signal to the amplifier normally consist of 
three fingers, where the middle finger is the signal, and the two outer fingers are 
AC ground. The fingers typically have a spacing of 150 µm pitch to pitch, which 
means that pads should be placed with a separation of 150 µm pitch to pitch, 
described in Figure 7.1. 
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Figure 7.1 RF-pad orientation and distances 

Probes used for DC bias also have a pitch-to-pitch distance between probe 
fingers of 150 µm. It is often desirable to have several DC ground connections, 
and in the designs presented in this thesis at least two DC ground connections 
are used.  
 
In order to connect DC and AC ground together and achieve common access to 
ground around the whole circuit a ground ring is implemented. The ground ring 
connects DC ground pads with AC ground pads, and also connects substrate 
connections on the pads to ground. The ring is made low resistive by imple-
menting it in all metal layers. The width of the ground ring is chosen to 100 µm 
in order to minimize the total parasitic inductance of the ground ring. 

7.2 Parasitic effects 
Data obtained from models provided by the foundry are rather accurate when 
compared to corresponding measurement data. In the models for the components 
all parasitic effects usually are considered, such as wire inductance and metal-to-
metal parasitic capacitance. The model for the spiral inductors for instance, uses 
distributed RLC nets to model the RF performance of the inductor.  
 
This is however not the case for on-chip metal wires. The technology is only 
capable to extract parasitic RC nets in wires on layout. In some critical signal 
pathways it is important to keep inductance as low as possible. One example is 
where emitter degeneration is implemented. The small value of the emitter 
inductors makes the circuit sensitive to additional inductance. This is the reason 
why grounding wires connected to emitter inductors, or emitter directly, are 
implemented as wide as possible and in all metal layers. To minimize parasitic 
inductance in bias connections, these wires are also implemented in all metal 
layers, which also minimize parasitic resistance to practically nothing. 
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Signal wires should according to the discussion above also be made in all metal 
layers, and as wide as possible. However due to the fact that the lower metal 
layers are placed closer to the substrate a larger parasitic capacitance is created 
if all layers are used. Signal pathways are, according to simulations, very sensi-
tive to capacitance to substrate. This is why signal wires are only drawn in the 
top analog metal layer, which is the thickest and have the largest spacing to sub-
strate.  
 
The choice of the width of the signal wires is a compromise between approxi-
mated inductive parasitic and extracted parasitic capacitance. The width used in 
all designs in this report is 5 µm. Approximated inductance value of a 100 µm 
long and 5 µm wide wire is around 70 pH. Corresponding extracted parasitic 
capacitance value for a wire with such given dimensions is 10 fF.  

7.3 Implemented circuits 
Due to limited chip area only three of the previously presented amplifiers where 
decided to be investigated on a layout. The three amplifier designs chosen are 
the single-stage presented in section 6.2.1, the cascoded two-stage amplifier 
design presented in section 6.2.2 and finally the wide-band cascaded two-stage 
amplifier design presented in section 6.2.3. The fourth stage presented in section 
6.2.4 was not chosen to be implemented and verified in layout simulation due to 
the high noise, shown from schematic simulations.  

7.4 Circuit layouts 
In this section the layout implementation of each amplifier circuit design is 
presented. All active and passive components used in our circuit designs were 
motivated in section 6.2 together with appropriate values. The presentation of 
each layout includes a summary of component values as well as chosen geome-
tries of each component. Compared with the component values given in section 
6.2, some component values have been changed in order to compensate for the 
effects of (mainly) parasitic capacitance on circuit performance.  
 
The layout work of the circuits starts with the placing of all components and 
pads. Since the area of the inductors contributes to a relatively large part of the 
total circuit area placing and orientation of inductors becomes important. To 
avoid electromagnetic coupling between inductors and wires a gap of at least 30-
40 µm is typically used to separate signal-carrying wires.  

7.4.1 Single-stage CE amplifier 
Layout of the single-stage amplifier design presented in section 6.2.1 is depicted 
in Figure 7.2.  
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Figure 7.2 Layout of a single-stage CE amplifier (LNA3 size: 1.14x1.30mm2) 

As can be seen in Figure 7.2 the inductors occupy a relatively large part of the 
circuit. This circuit has deliberately been made larger than needed, in order to 
match the height of the circuit being placed next to it on the chip. 
 
The circuit components as well as their values used in this layout are presented 
in Table 7.1. As a comparison, corresponding values used in circuit schematic 
simulations (when parasitic effects in metal wires and vias are neglected) are 
also shown in this table.  
 
Component Schematic value Layout value Type Design geometry 
Cin 2 x 1.507 pF 2 x 1.507 pF Parallel MIM capacitors 2 x 46 µm x 46 µm 
Rbias 5 x 1 kΩ 5 x 1 kΩ Serially connected poly-Si resistors 5 x 2 µm x 8.24 µm 
Lin 670 pH 1.323 nH Planar spiral inductor 140 µm x 140 µm, 2.5 turn, wire width 5 µm 
Le 160 pH 160 pH Planar spiral inductor 100 µm x 100 µm, 1.0 turn, wire width 15 µm 

Lchoke 2 x 1.486 nH 2 x 1.486 nH Serially connected planar spiral 
inductors 

2 x 140 µm x 140 µm, 2.75 turn,  
wire width 5 µm 

Rf 3 x 266.8 Ω 5 x 225.17 Ω Serially connected n-doped Si 
resistors 5 x 4 µm x 13.74 µm 

Cf 2 x 734.72 pF 2 x 734.72 pF Parallel MIM capacitor plates 2 x 32 µm x 32 µm 
Lout 1.03 nH 1.696 nH Planar spiral inductor 130 µm x 130 µm, 3.5 turn, wire width 5 µm 
Cout 200 fF 165.9 fF MIM plate capacitor 15 µm x 15 µm 
Cblock 2 x 1.507 pF 2 x 1.507 pF Parallel MIM capacitor plates 2 x 46 µm x 46 µm 

Table 7.1 Component values used in layout for the single-stage amplifier 

As can be noted some of the component values have been tuned to compensate 
for the effects of the parasitic capacitance in the wires. Input and output 
matching seems to be most sensitive to parasitic capacitance. To reduce parasitic 
capacitance in wires one should place components as close to the transistor as 
possible, in order to make signal wires shorter. This is however not possible due 
to the size of the inductors. Instead, retuning of input and output matching 
circuitry is made, and the result is presented in section 7.5.1. 
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The layout depicted in Figure 7.2 includes two decoupling capacitors that are 
connected between DC bias and ground. These two capacitors are implemented 
as two parallel MIM capacitors with a total capacitance value of 3.01 pF  
(2 x 1.507 pF). They are intended to work as a short to ground for any RF 
signals that may leak through the bias circuitry. The DC bias connections are 
denoted as GND-VBB-VCC-GND from left to right. 

7.4.2 Two-stage CE cascoded amplifier 
The cascoded two-stage amplifier design described in section 6.2.2 has been 
implemented in a circuit layout depicted in Figure 7.3.  

 
Figure 7.3 Layout of a Cascoded CE two-stage amplifier (LNA2 size: 1.45x1.45mm2) 

Bias connections are placed on top edge of the layout. The pad connections are 
denoted as GND-VBB1-VCC1-GND-VBB2-VCC2-GND from left to right. 
Component values used in the layout are summarized in Table 7.2. 
 
Component Schematic value Layout value Type Design geometry 
Cblock1 2 x 451.5 fF 2 x 451.5 fF Parallel MIM capacitors 2 x 25 µm x 25 µm 
Lin 1.486 nH 1.664 nH Planar spiral inductor 150 µm x 150 µm, 2.75 turn, wire width 5 µm 
Rbias1 5 x 1 kΩ 5 x 1.0 kΩ Serially connected poly-Si resistors 5 x 2 µm x 8.24 µm 
Le1 160 pH 160 pH Planar spiral inductor 100 µm x 100 µm, 1.0 turn, wire width 15 µm 

LS 2 x 1.313 nH 2 x 1.313 nH Serially connected planar spiral 
inductors 

2x 130 µm x 130 µm, 2.75 turn,  
wire width 5 µm 

RS 300 Ω 300 Ω N-doped Si resistor 4 µm x 18.54 µm 

Lchoke1 2 x 1.555 nH 2 x 1.555 nH Serially connected planar spiral 
inductors 

2 x 140 µm x 140 µm, 2.75 turn,  
wire width 5 µm 

Cblock2 2 x 1.507 pF 2 x 1.507 pF Parallel MIM capacitors 2 x 46 µm x 46 µm 
Cblock3 2 x 1.507 pF 451.5 fF MIM plate capacitor 25 µm x 25 µm 
Lf 891 pH 891 pH Planar spiral inductor 130 µm x 130 µm, 2.0 turn, wire width 5 µm 
Rf 300 Ω 240 Ω N-doped Si resistor 6 µm x 22.32 µm 
Rbias2 5 x 1 kΩ 5 x 1 kΩ Serially connected poly-Si resistors 5 x 2 µm x 8.24 µm 
Le2 233 pH 160 pH Planar spiral inductor 100 µm x 100 µm, 1.0 turn, wire width 15 µm 

Lchoke2 2 x 1.555 nH 2 x 1.555 nH Serially connected planar spiral 
inductors 

2 x 140 µm x 140 µm, 2.75 turn,  
wire width 5 µm 

Cout 232 fF 212 fF MIM plate capacitor 17µm x 17µm 

Table 7.2 Component values used in layout for cascoded CE two-stage amplifier 

Compared with the schematic circuit design, three changes have mainly been 
carried out in the circuit layout. Firstly in order to compensate for the parasitic 
effects on input impedance matching, Lin was increased to 1.664 nH. Secondly 
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to increase gain and minimize noise figure, Le2 was reduced to 160 pH, which in 
turn altered the matching between the stages. To improve matching between the 
stages, Cblock3 was tuned to a value of 451.5 fF. However, by decreasing the 
value of Cblock3, the impedance in the feedback loop at higher frequencies in-
creases, and for this reason a lower value for Rf should be used in order to insure 
stability (Rf=240 Ω). Thirdly, to adjust output matching, Cout was reduced about 
10 % to a value of 212 fF. 

7.4.3 Two-stage CE wide-band amplifier 
Figure 7.4 depicts the layout of the two-stage CE wide-band amplifier design 
presented in section 6.2.3. 

 
Figure 7.4 Layout for Two-stage CE wide-band amplifier (LNA1 size: 1.45x1.45mm2) 

In this layout bias connections are connected in the following order from left to 
right: GND-VBB1-VCC1-GND-VBB2-VCC2-GND. Component values and 
design geometries used are summarized and presented in Table 7.3.  
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Component Schematic value Layout value Type Design geometry 
Cblock1 2 x 1.507 pF 2 x 1.507 pF Parallel MIM capacitors 2 x 46 µm x 46 µm 
Lin1 1.289 nH 1.289 nH Planar spiral inductor 150 µm x 150 µm, 2.25 turn, wire width 5 µm 
Cin 200 fF 200 fF MIM plate capacitor 16.5µm x 16.5µm 
Lin2 1.555 nH 1.555 nH Planar spiral inductor 170 µm x 170 µm, 2.25 turn, wire width 5 µm 
Rbias1 5 x 1 kΩ 5 x 1.0 kΩ Serially connected poly-Si resistors 5 x 2 µm x 8.24 µm 
Le 87.04 pH 87.04 pH Top Metal line inductor 25 µm x 150 µm 

Lchoke1 2 x 1.555 nH 2 x 1.555 nH Serially connected planar spiral 
inductors 

2 x 140 µm x 140 µm, 2.75 turn,  
wire width 5 µm 

Cblock2 2 x 1.507 pF 2 x 1.507 pF Parallel MIM capacitors 2 x 46 µm x 46 µm 

Lf 2 x 1.03 nH 2 x 1.03 nH Serially connected planar spiral 
inductors 

2 x 120 µm x 120 µm, 2.5 turn,  
wire width 5 µm 

Cblock3 2 x 1.507 pF 2 x 1.507 pF Parallel MIM capacitors 2 x 46 µm x 46 µm 
Rbias2 5 x 1 kΩ 5 x 1.0 kΩ Serially connected poly-Si resistors 5 x 2 µm x 8.24 µm 

Lchoke2 2 x 1.555 nH 2 x 1.555 nH Serially connected planar spiral 
inductors 

2 x 140 µm x 140 µm, 2.75 turn,  
wire width 5 µm 

Lout 470 pH 470 pH Planar spiral inductor 130 µm x 130 µm, 1.25 turn, wire width 5 µm 
Rop 50 Ω 50 Ω N-doped Si resistor 15 µm x 11.22 µm 
Cop 451.5 fF 2 x 1.005 pF Parallel MIM capacitors 2 x 37.5 µm x 37.5 µm 
Ros 18 Ω 18 Ω N-doped Si resistor 15 µm x 3.56 µm 
Cos 2 x 451.5 fF 2 x 451.5fF Parallel MIM capacitors 2 x 25 µm x 25 µm 
Cblock4 2 x 1.507 pF 2 x 1.507 pF Parallel MIM capacitors 2 x 46 µm x 46 µm 

Table 7.3 Component values used in layout for two-stage CE wide-band amplifier 

Compared with component values used in the circuit schematic design, only the 
value of Cop has been altered. However, Cop is increased by 400 % to a value of 
2 pF. The reason is that output matching becomes very poor when parasitic 
capacitors are added. So in order to achieve an acceptable output matching, Cop 
is tuned to the value of 2 pF. The effect of a short (instead of using capacitor 
Cop) was also examined. However, matching was not improved that much, and 
instead other properties of the amplifier was altered.    

7.5 Simulated results 
The simulated results presented in this section are based on simulations of the 
extracted netlists of the circuit layouts. The model library can extract both para-
sitic capacitances as lumped components together with distributed parasitic RC 
nets. The parasitic capacitances handled by the extractor are; metal to substrate 
capacitance, inter-level capacitance, sidewall capacitance and fringe capaci-
tance. Parasitic resistances can be extracted for all metal layers as well as for 
vias between layers. Due to the fact that the receptivity in the top metal layer can 
be considered being very low (and since also relatively wide wires are used) the 
effects of parasitic resistances on circuit performance are generally found to be 
negligible.  

7.5.1 Single-stage CE amplifier 
Impedance input/output matching of an amplifier depends on the precision of 
the matching networks. The results were not affected so much by the bond pads. 
However, when parasitics in the metal wires were taken into account the results 
changed considerably. As described previously, impedance matching was tuned 
to the desired frequency band. Amplifier stability was generally found to 
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increase when the layout was simulated, and this increase in stability was used 
to improve gain by increasing the feedback resistance.  
 
S-parameter results for the amplifier simulated with a simulation frequency of  
8 GHz are depicted in Figure 7.5.  

 
Figure 7.5 S-parameter results for single-stage CE amplifier (simulation frequency 8 GHz) 

Compared with results shown in Figure 6.2 the amplifier has a much sharper 
falloff in gain but instead provides a higher gain for frequencies up to 9 GHz. 
S21 is 10 dB at a frequency of around 9 GHz, and falls off very quickly after this, 
reaching a gain of 7.7 dB at 10 GHz.  
 
Tuning of the circuit was successful at the input, resulting in an impedance 
matching bandwidth (S11 < -10 dB) of 5 GHz, from 6 GHz to 11 GHz. At the 
output however, adequate impedance matching was much harder to accomplish. 
An output match of S22<-10 dB was achieved in the frequency band 7.55 GHz to 
10.1 GHz. Since the gain is only 7 dB for 10 GHz, there is really no point in 
trying to match the circuit for frequencies above 10 GHz. 
 
Isolation from output to input S12 is better than –30 dB over the complete fre-
quency range. Plots of all S-parameters including S12 are depicted in Figure A- 1 
in Appendix I.  
 
Amplifier noise performance is depicted in Figure 7.6 and this plot reveals an 
increase in noise figure compared with the schematic simulations. This can of 
course be said to be expected but maybe not to this extent. The reason could be 
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that parasitic effects have resulted in a move of the Γopt point and hence 
increased noise. The sharp falloff in gain is of course also contributing to an 
increased noise figure.  

 
Figure 7.6 Simulated noise performance for a single-stage CE amplifier (simulation frequency 8 GHz) 

The noise figure is below 5 dB in the frequency interval where adequate imped-
ance matching has been achieved. At a frequency of 8 GHz the noise figure is 
3.69 dB and at 10 GHz the noise figure is 4.41 dB.  
 
Since both gain and matching are relatively good for the frequency of 8 GHz, 
large signal behaviour is analysed at this frequency. The 1 dB compression point 
simulated at 8 GHz equals -13.7 dBm referred to the input (see Figure A- 4 in 
Appendix II). Third order intercept point is simulated using a two-tone test, with 
frequencies of 8.0 GHz and 7.9 GHz, since gain is almost identical for these two 
frequencies. The simulation results in IIP3=-3.12 dBm which is 2 dB lower 
compared with when simulated without layout extracted parasitics. 
 
The stability measures of the amplifier are plotted in Figure 7.7. As can be seen 
the amplifier is unconditionally stable since K>1 and B1f >0 for all frequencies.  
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Figure 7.7 Simulated stability measures for a single-stage CE LNA 

 
Based on the simulated small signal results shown in Figure 7.5 we may 
conclude that this single stage amplifier only meet our given specification (see 
section 3.3.1) in the lower half of the X band. The simulated small signal 
performance as well as the simulated large signal performance of this LNA at  
8 GHz are summarized below: 
  
  S11=-18.0 dB S12=-32.0 dB 
  S21=11.0 dB  S22=-12.5 dB 

 
NF = 3.69 dB NFmin=3.66 dB 

 
  P1dB = -13.7 dBm  (input referred) 

IIP3 = -3.12 dBm OIP3 = 7.9 dBm 
 
  VBB=1.1 V  VCC=2.0 V 
  ICC=3.73 mA PDC=7.5 mW 

7.5.2 Two-stage CE cascoded amplifier 
Schematic simulation results presented in section 6.2.2 displayed performance 
that can be considered well suited for an X-band amplifier. However, adding 
parasitics extracted from the layout results in a degradation of RF performance 
of the amplifier. The biggest problem is parasitics at the output of the amplifier, 
which influence output impedance matching seriously. Due to the fact that only 
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Cout is available for tuning the output match, restoring the LNA performance 
given in schematic simulations becomes rather difficult. However, the value of 
Cout is tuned to reach the best possible performance, and the corresponding 
simulation results are presented below.  
 
The results corresponding to a simulation frequency of 8 GHz are shown in 
Figure 7.8.  

 
Figure 7.8 Simulated S-parameter results for a two-stage cascoded LNA (simulation frequency 8 GHz) 

 
A maximum gain of 16.2 dB is reached at 8 GHz and at 10 GHz the gain has 
decreased to 13.5 dB. The amplifier provides 10 dB gain or higher for frequen-
cies between 4 GHz and 11.3 GHz. Although performance is not as good as 
when simulated without parasitics gain is still relatively high.  
 
An almost adequate input impedance matching was achieved choosing a higher 
value of Lin. S11 is below –10 dB for frequencies between 7.3 GHz and  
11.6 GHz. Since the inductors can only be changed in increments of quarter 
turns, it becomes difficult to meet the amplifier input matching exactly between 
8 and 12 GHz. In this case it is also not necessary since output impedance 
matching cannot be further improved without the use of a somewhat extended 
output-matching network. However, S22 below –10 dB has been reached over an 
almost 2 GHz wide band. Hence, the input and output impedance matching can 
be considered being acceptable between 8 and 10 GHz.  
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The reverse isolation S12 is below –50 dB over the intended frequency range. 
Plots of all S-parameters (including S12) are depicted Figure A- 2 in Appendix I.  
 
Simulated results from noise analysis of the amplifier circuit are presented in 
Figure 7.9, and it is evident that the noise figure is somewhat higher compared 
with the results from the schematic simulations. Minimum NF is 3.5 dB at  
5.5 GHz, and a NF of 5 dB is reached for frequency of 10.5 GHz.  
 

 
Figure 7.9 Simulated noise performance for a two-stage cascoded LNA (simulation frequency 8 GHz) 

Large signal behaviour is measured by 1 dB compression point and third order 
intercept point, and since gain is maximized for 8 GHz, they are analysed at this 
frequency. The result from a compression point simulation run is included in 
Appendix II (P1dB=-23.9 dBm referred to the input).  
 
The third order intercept point is simulated using a two-tone test with frequen-
cies of 8 GHz and 8.5 GHz and IIP3=-11 dBm.  
 
The amplifier is unconditionally stable since K>1 and B1f>0 for all frequencies, 
which can be seen in Figure 7.10 below.  
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Figure 7.10 Simulated stability measures for a two-stage cascoded CE LNA 

 
Simulated results of the cascoded two-stage amplifier circuit at 8 GHz are 
summarized below: 
 
  S11=-14.0 dB S12=-50.0 dB 
  S21=16.2 dB  S22=-9.0 dB 

 
NF = 3.77 dB NFmin=3.56 dB 

   
P1dB=-23.9 dBm (input referred) 
IIP3 = -11 dBm OIP3 = 6 dBm 

   
VBB1=1.0 V VBB2=1.1 V 

  VCC1=2.5 V VCC2=2.5 V 
  IC1=2.34 mA IC2=3.9 mA 
  PDC=15.6 mW 
 

7.5.3 Two-stage CE wide-band amplifier 
In section 6.2.3 results from schematic simulations of our two-stage cascaded 
amplifier design was presented. The results indicate a wide-band performance 
with a gain and matching bandwidth of 8 GHz respectively. To verify these 
results a circuit layout is made and simulated. Simulated results presented in this 
section are calculated from an extracted netlist, built from the layout. The netlist 
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includes parasitic effects in the form of lumped parasitic capacitances and 
distributed RC networks, to more accurately model wires between components. 
As for the other two circuits being implemented with layout performance for this 
circuit is also changed due the parasitic capacitances.  
 
The simulation results that correspond to a simulation frequency of 10 GHz are 
shown in Figure 7.11. 

 
Figure 7.11 Simulated S-parameter results for a two-stage wide-band amplifier (sim. freq. 10GHz) 

The gain of this amplifier is higher than 10 dB for a frequency band of almost  
10 GHz (from 4 GHz to 14 GHz), which is comparable with the corresponding 
simulated results shown in section 6.2.3. S11 is below –10 dB in two frequency 
intervals (between 5 to 7.5 GHz and 10.5 to 14 GHz). Unfortunately, output 
matching is somewhat impaired when compared with corresponding results 
shown in section 6.2.3. S22 below –10 dB is achieved between 6 GHz and  
10.5 GHz and S22 is below –9 dB from 2 to 11 GHz. 
 
The reverse isolation S12 is very high also for this amplifier design (below  
–43 dB). A plot of all S-parameters (including S12) are presented in Appendix I. 
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Figure 7.12 Simulated noise figure for a wide-band two-stage CE amplifier (simulation frequency 10 GHz) 

The noise figure of the amplifier is shown in Figure 7.12 where it can be seen 
that the NF bandwidth has not been altered very much compared with the corre-
sponding results presented in section 6.2.3. A NF below 5 dB is achieved over 
roughly an 11 GHz wide band, from 1.4 GHz to 12 GHz.  
 
P1dB of the amplifier is simulated at a frequency of 10 GHz and P1dB=-22.8 dBm. 
IIP3 is simulated at 10.0 GHz and 10.25 GHz and the result is IIP3=-12.7 dBm. 
This value is 5 dB lower than what was predicted according to schematic simu-
lations. Results of 1 dB compression point simulation are depicted in Appendix 
II.  
 
To ensure unconditional stability the stability measures, K and B1f are 
estimated, and the simulated LNA results are depicted in Figure 7.13.  
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Figure 7.13 Simulated stability measures for a two-stage cascaded CE wide-band LNA 

The simulated performance of this amplifier at 10 GHz is summarized below: 
  

 S11=-8.95 dB S12=-43.0 dB 
  S21=15.3 dB  S22=-12.7 dB 

 
NF = 4.2 dB NFmin=4.13 dB 

   
P1dB=-22.8 dBm (input referred)  
IIP3=-12.7 dBm OIP3 = 2.5 dBm 

   
VBB1=1.1 V VBB2=1.4 V 

  VCC1=2.0 V VCC2=2.0 V 
  IC1=3.62 mA IC2=7.65 mA 
  PDC=22.73 mW 

7.6 Some additional comments on inductors 
A drawback with on-chip inductors is the relatively low Q-factors and resonant 
frequencies typically achieved in standard silicon processes. In this work it was 
initially assumed that two serially connected inductors would yield a higher 
resonance frequency than a single inductor with the same inductance value since 
in the previous case two smaller inductors could be used. For this reason two 
inductors are used in series at collector bias, where the inductance value is rather 
large. However, after investigating whether assumption made can be considered 
valid, we found that little is really gained by using two serially connected 
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inductors, as can be seen in Figure 7.14. The resonance frequency is lowered 
and Qmax is reduced, by using two serial inductor. However, an increase of the 
frequency where Q-factor is maximized is won.  

Simulation frequency 3.5 GHz  
Figure 7.14 Simulated Q-factor for 1.555 nH, 3.194 nH and 2x1.555 nH inductors respectively 

 
According to the results shown in Figure 7.14 it would in fact be better to use a 
single 3.194 nH inductor instead of using two serially connected 2 x 1.555 nH. 
This was however realized when the layouts were already being implemented. It 
does not mean that all design work are flawed, since these effects are actually 
being taken into account in the layout simulations. The place where the serially 
connected inductors have been used is also in less sensitive nets, like RF chokes, 
which blocks RF signals and thereby is not as sensitive to a lower Q-factor.  
 
Serially connected inductors are also used in negative feedback loops. These 
inductors are even smaller than the ones used as RF chokes and hence have 
higher resonance frequencies. They are also not as sensitive to a lower Q-factor, 
as inductors in matching networks, for instance, would be.  
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8 Conclusions and future work 
 
In this chapter a discussion on results of the implemented amplifiers is done, 
together with a comparison between the results presented in this report and 
results from other reports. 

8.1 Conclusions 
Three types of low-noise amplifiers have been designed and simulated using a 
0.25 µm SiGe BiCMOS process from IBM. The technology makes it possible to 
combine high-performance analog RF circuitry together with advanced highly 
integrated digital designs. The bipolar SiGe-HBT has fT=47 GHz and fmax above 
60 GHz, which should make it feasible to build RF circuits for X-band applica-
tions using this process.  
 
A single-stage amplifier suitable to work in the lower part of the X band has 
been designed. Simulated results of this amplifier indicate performance that 
measure up to requirements, in terms of gain, impedance matching and rela-
tively low noise figure. Simulated amplifier gain and noise figure is at 8 GHz 
equal 11 dB and 3.7 dB respectively. The 1 dB compression point (P1dB) equals 
–13.7 dBm at 8 GHz and total DC power dissipated is 7.5 mW. Compared with 
the corresponding results of a single-stage LNA using 0.35 µm SiGe BiCMOS 
presented in [9], gain and noise figure for the single-stage LNA presented in this 
thesis are somewhat lower, since no cascode stage is used in our design. Power 
dissipation of our LNA is also lower than in [9]. The large-signal performance 
of the single-stage LNA is not comparable with designs using FET’s due to a 
more linear behaviour of those transistors. However compared with corre-
sponding results presented for some SiGe HBT BiCMOS based LNA designs 
(see [7] and [9]) P1dB for the single-stage LNA presented in this thesis can be 
considered relatively high.  
 
The two-stage cascoded amplifier presented in section 7.4.2 is suitable to work 
in the X-band, and has been designed with narrow band impedance matching. 
Simulated amplifier gain and noise figure at 8 GHz equal 16.2 dB and 3.77 dB 
respectively. The LNA large signal performance is given by P1dB=-24 dBm and 
IIP3=-11 dBm. The LNA small signal RF performance is comparable with the 
results presented in [9] and [11] although the process used in this thesis has a 
lower fT and thus a higher NFmin at a given operating frequency. Total power 
dissipation is 15.6mW, which is comparable with previously presented two-
stage amplifier designs presented (e.g [9] and [11]). 
 
The second two-stage amplifier presented in this thesis is designed to achieve 
impedance matching over a much wider frequency band. This amplifier has a 
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simulated gain and NF of 15.3 dB and 4.2 dB, respectively, at 10 GHz. Total DC 
power dissipation is 23 mW and P1dB=-23 dBm. The 10 dB gain bandwidth of 
almost 10 GHz archived according to simulations is comparable to correspond-
ing results presented in [7].  
 
The SiGe HBT LNA designs presented in [7],[8] and [11], all have a better over-
all small signal RF performance than the LNA designs presented in this thesis. 
However the SiGe HBT processes used in the designs presented in [7],[8] and 
[11] all have higher values of fT and fmax. Moreover, it is not mentioned in any of 
these publications if the more advanced SiGe HBT processes used are compati-
ble together with CMOS and if they are also commercially available (i.e. open-
foundry process).  
 
All designs presented in this thesis are fully integrated with on-chip passive 
components. This omits the need for using off-chip passive elements, which 
would make it easier to integrate the LNA designs with more complex circuitry, 
such as receivers. Together with MOS transistors supplied in the process used, a 
complete receiver chain with both high performance RF and digital circuits 
could potentially be implemented on one or several chips.  

8.2 Future work 
In order to verify the performance of the LNA designs presented in this thesis, 
the circuits needs to be fabricated and measured. Some design effort could 
maybe also be made on trying to even further reduce the size of the circuits and 
the layout parasitics.  
 
Additional design effort could finally also be made on the single-stage amplifier 
described in section 6.2.4 in order to minimize noise figure, and then verifying 
the LNA performance with layout simulations.   
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Appendix I 
 
Complete plots on all S-parameters for the three designed amplifiers.  

 
Figure A- 1 Simulated S-parameters for a single-stage CE low-noise amplifier (Sim. freq. 8 GHz) 
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Figure A- 2 Simulated S-parameters for a  two-stage cascoded CE low-noise amplifier (Sim. freq. 8 GHz) 
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Figure A- 3 Simulated S-parameters for a wide-band two-stage cascaded LNA (Sim. Freq. 10 GHz) 
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Appendix II 
 
Plots on simulated large signal performance for the three circuit layouts.  

 
Figure A- 4 Compression point simulation for layout of the single-stage CE amplifier at 8 GHz 
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Figure A- 5 Compression point simulation on layout for the two-stage cascoded CE amplifier at 8 GHz 
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Figure A- 6 Compression point simulation for two-stage wide-band CE amplifier at 10 GHz 
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