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ABSTRACT

Kuzet, Radovan, RF CMOS Receiver Front End Using a Reflex 

Amplifier. Master of Science and Engineering (MSE). December 2004, 83

pp.; 49 figures, 7 tables, 6 illustrations, references, 27 titles.

A concept for an RF-CMOS receiver with reflex topology is developed and 

tested, using OrCad as the primary design and simulation tool. The main idea of the 

reflex topology is to reuse a Low Noise Amplifier (LNA) stage in the circuit and thus 

eliminate one high power consumption stage. A Gilbert cell is used for down 

conversion, with the benefit of low noise and low power while maintaining gain. A set 

of passive diplexers allows reuse of the LNA at the RF and IF. The complete circuit 

was simulated using 0.18 micron and 0.5 micron AMI technology. Parameters for the 

transistors are imported from MOSIS development tools and design specifications for 

the purpose of production of this device. The overall system was simulated using the 

900 MHz frequency for radio frequency (RF) and shows substantial gain and low noise 

figure. Lastly, the Gilbert cell mixer has been modified in an attempt to further reduce 

power consumption. Instead of using a local oscillator, we designed the Gilbert cell so it 

would self-oscillate. Output results and linearity characteristics are shown through 

simulation.

Ill

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DEDICATION

This thesis is dedicated to all the great people that supported me and helped me 

throughout my career. Above all, I dedicate this thesis to my greatest role model, my 

father Zivko Kuzet.

Ovaj maturski rad je posvecen svim velikim ljudima koji su me podrzavali i 

pomogli mi kroz moju karijeru. Iznad svih zelim da posvetim ovaj rad mojem najvecem 

uzoru, mom ocu Zivku Kuzetu.

IV

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

Abstract---------------------          iii

Dedication------------- -—-— --------------------- ------------- —----------------------- iv

Contents — ---------------------      v

List of Figures-------------------------------- —----------------------------------------------vi

List of Tables----------------------------------------------------------------------------------ix

Acknowledgments  ----------------------------------------------------------------- x

Chapter 1. Introduction---------------------------------------------   01

Chapter 2. System Description-----------------------------------------------------------04

Chapter 3. Low Noise Amplifier-------------------------------------------------------  05

Chapter 4. Diplexer-----------------------------------------------------------------------  09

Chapter 5. Mixer------------------------------------------------------------------  14

Chapter 6. Complete Reflex Simulation---------------------------------------------- 21

Chapter 7. Self-Oscillating Mixer  ----------------------------------------------- 29

Chapter 8. Implementation-------------    41

Chapter 9. Conclusion--------------------  46

References----------------------------------------------------------------------------------   47

Appendix A-LNA Parameter Calculation--------------------------------------------- 51

Appendix B-OrCad Simulation and Transistor Parameter Import-  —— 55

Appendix C-Complete Circuit Schematics  ------------------------------------72

Appendix D-VLSI Layout of Reflex and SOM  ---------———  ----------- 74

Vita-— -----------------------------------------------     78

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

Figure La: Conventional receiver front-end  --------------   —............  02

Figure l.b: Receiver front-end employing reflex arrangement-—— ----------------  02

Figure 2.1: Basic receiver architecture —...... —---------   04

Figure 3.1: Basic Schematic of amplifier used----------------------------------  -  06

Figure 3.2.a: OrCAD schematic of the amplifier used in Reflex Circuit-------------  07

Figure 3.2.b: QrCAD Simulation of circuit from Figure 3.2.a--------------------------- 08

Figure 4.1: Two Port representation of the Diplexer---------------------------------------  09

Figure 4.2 : Diplexer that uses combination of High Pass and Low Pass Filters------- 10

Figure 4.3: Diplexer with Band Pass I Band Stop Combination-------------------------- 10

Figure 4.4.a: Diplexer circuit used at LNA output.-------------------------------------------11

Figure 4.4.b: Diplexer Frequency Response--------------------------------------------------- 12

Figure 5.1: Basic double balanced mixer configuration------------------------------------- 15

Figure 5.2: Basic double balanced mixer with IF and RF reversed------------------------15

Figure 5.3: Double Balanced /  Gilbert Cell M ixer------------   16

Figure 5.4: Gilbert Cell with bias circuitry  — -------------    17

Figure 5,5.a: Time Domain Response of G.C. M ixer---------------------------------------- 18

Figure 5.5.b: Frequency Domain Response of G.C. M ixer--------------------------------  18

Figure 6.1: Detailed block diagram of the reflex circuit------------------------    22

Figure 6.2. Frequency domain output of reflex front-end---------------------------------  23

Figure 6.3. Time domain output of reflex front-end circuit------------ —---------    23

VI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 6.4: iVorraal and 3“  order curves explained —-----------------------   25

Figure 6.5: Normal Curve of the 0.18u process used for IdB compression

point calculation ---------------------- -——- —  -------      26

Figure 6.6: FFT simulation of the circuit used for DP3 calculation — ................—-- 27

Figure 6.7: Crossing of normal and 3rd order curve as IPS point -------     28

Figure 7.1a: Schematic of Basic Colpitts Configuration —------------------------------  30

Figure 7.2.a: Differential Oscillator----------------------------------------------------------  31

Figure 7.2.b: Time Domain Simulation of Differential Oscillator ----------------------  31

Figure 7.2.c: FFT of Differential Oscillator--------------------------------------------------  32

Figure 7.3: Quadrature Self Oscillating Configuration -  32

Figure 7.4: Self oscillating Mixer using the BIT Technology---------------------------- 33

Figure 7.5.a: Self Oscillating Mixer using the CMOS Technology--------------------  34

Figure 7.5.b: Time Domain simulation of the CMOS -  SOM --------------------------- 34

Figure 7.5.c: FFT Simulation of the CMOS -  SOM ---------------------------------------- 35

Figure 7.5.e Enlargement of the CMOS SOM 128 MHz component that

produces the gain of the 3.5 dB -------------------------------------------------------- 35

Figure 7.6: 1 dB compression point of SOM is ~ -16 dB at Output-----------------------36

Figure 7.7a: FFT response of 2 RF inputs showing main and 1P3 components ------- 38

Figure 7.7b: 3''̂  order component enlarged---------------------------------------------------  38

Figure 7.9: IPS Point of SOM is approximately -  5 dB at output------------------------ 39

Figure S.l.a: Schematic of Circuit used for te st ------   41

Figure 8.l.b: Actual SOM Circuit used for testing------------------------------------------- 42

Figure 8.2: FFT output captured by oscilloscope-------------------------------------------- 52

V II

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 8J: Transistor layout for the Self Oscillating Mixer uses 10 fingers -— ----- 43

Figure 8.4: Complete Circuit layout for Self Oscillating M ixer------------------------  45

Figure B .l: Or-CAD Simulafion set for 200     —--------- 55

Figure B.2: Or-CAD Simulation set for 200 ms —-— ------   —------- 56

Figure B.3a: Simulation run 200 ns takes 10 sec to execute----------------------------- 57

Figure B.3b: Simulation run 2000 ns takes 1 min to execute  ------------------  57

Figure B Jc: Simulation run 20000ns takes 30-45min------------------------------------  57

Figure B.4: Screen shot of the Main building block of system------------------------ 58

Vlll

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF TABLES

Table 5.4.a: Optimum load of the Gilbert cell Mixer—----- — 19

Table 5.4,b: Mixer Specifications..................     20

Table 6.0: Performance Characteristics of Reflex Receiver---------------------   24

Table 6.1: Performance Characteristics of some related BIT receivers-----------------  24

Table 7.0: Table of input vs. output values used for normal curve— ------------------  37

Table 7.10: Measured and calculated results of the SOM---------------------------------  39

Table 7.11: Table of measured values for the Quadrature mixer---------------    40

IX

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



AKNOWLEDGEMENTS

I would like to thank to my advisor, Dr. Heinrich Foltz, for giving me his support, and 

sharing his knowledge and experience. I would like to thank Dr. Junfei Li and Dr. 

Robert Jones for their willingness to serve as the members of my thesis committee. 

Finally, Sebastian Pupandpouri and Mukesh Chilukuri for their assistance on this 

graduate project.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1

Introduction

Reduction of power consumption is a critical goal in many wireless device 

designs. In a typical CMOS (Complementary Metal Oxide Semiconductor) receiver, the 

front-end stages (Low Noise Amplifier (LNA), mixer, Local Oscillator (LO)) consume 

the greatest amount of power despite relatively low device count, due to the need for high 

bias currents to maintain gain and noise figure at high frequencies. This is true even 

when there is significant signal processing and decoding in the low frequency back-end 

of the receiver, and holds even in extremely low power CMOS receivers. For example, 

Darabi and Abidi [7] report a complete 900 MHz paging receiver that draws a total of 4.5 

mW, of which more than 50% is consumed by the LNA, mixer, and LO. In this paper, 

we present a concept for applying the classical reflex technique, formerly in common use 

in low-cost receivers, in which a single amplifier stage is used at two points in the signal 

path. Tutorial material on the subject can be found in [8], and in a series of articles by 

Hall [9-13].

The original idea behind the reflex technique was to reduce the number of active 

devices in an era when tubes or transistors constituted the major expense in a design. In 

our application, the purpose is to reduce the number of high current stages required for a 

given gain by reusing an amplifier stage in two parts of the signal path. The actual parts
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couHt iH our case is higher than in a conventional design, but the power consumption is 

lower.

The basic reflex concept is illustrated in Figure 1. Figure la  shows a 

conventional receiver front end, while Figure lb  represents the same concept

implemented using a reflex amplifier. A single amplifier is used twice; the first time at 

the RF as an LNA and then as the first stage of IF amplifier.

P’F  B P F  m i x e r    1 S T IF A

Inisction

Figure la. Conventional receiver front-end.

RF

R F/IF
R F /IF  LNA D iplax  M IXER

A  IF B P F
O iplex IF OUT

Figure lb. Receiver front-end employing reflex arrangement.

In this way, a high performance, low-noise first IF stage is gained with no additional 

power consumption. The main cost is an increase in the passive component count.
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For testing pmposes, a Radio Frequency (RF) of 900 MHz and Intermediate Frequency 

(IF) of 100 MHz were picked because of their wide application. Simulations were 

conducted using the AMI 0.18 pm and 0.5 pm processes.
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CHAPTER 2

System Description

The reflex topology has been around since the 1960s. The idea of a reflex means 

reusing the parts within the system. In original design, people used a reflex idea to reduce 

part count. Today with new technologies and miniaturization, parts count is not such a 

concern; but we used the idea to minimize the power consumption. By elimination of the 

biggest energy spenders in the system, we were able to save energy and achieve desirable 

performance.

There are different receiver architectures present today. Even though they all have 

their disadvantages, advantages, similarities, and differences, many have the basic starting 

point and that is architecture shown in Figure 2.1

RF BPF MIXER 1STIFAMP

RF IN

RF LNA IF BPF

LO
In jection

IF OUT

Figure 2.1 - Basic Receiver Architecture
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Chapter 3 

Low Noise Amplifier

One of the first steps of the system was to design a low noise amplifier. This is a 

very important device in the system because it provides gain and reduces Noise Figure 

(NF). The challenge of the LNA, as the part of the reflex system, is the ability to work 

on two frequencies and still provide enough gain and low noise figure.

So, the first question is: “Do we use wideband or narrowband LNA?” The 

advantage of the wideband design is that it is simpler and easier to manage. When 

designing wideband LNA, we first design general wideband amplifier and then we place 

band-pass filter at the input of the amplifier for the desired frequency. This way, design 

work is divided into two independent and easily manageable steps. The problem with 

this approach is that it demands that the amplifier possess wideband response making 

the circuit structure complicated and power hungry. Also, noise performance of 

wideband design is poor. On the other hand, narrowband design requires more 

involvement with the design, due to impedance matching and low noise optimization. As 

the result, noise figure is improved and power consumption is reduced. In narrowband 

design, tank circuit is placed on the end so that power gain is peaked out; so, there is no 

need for additional gain stage, which means simpler circuit. The disadvantage of 

narrowband design is that it is hard to achieve amplification on accurate band-pass 

frequency, due to component values variation. This can be resolved by using a tunable 

tank circuits or placing some parts off the integrated circuit.
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For the reasons mentioned above, we decided to use narrowband design and the 

basic outlines of the design are shown below. The complete calculations are listed in 

Appendix A.

After the design calculations and proper bias, which we decided to be at 3.3 V, 

the major remaining task is to design a tank circuit. Because the amplifier needs to 

work at two frequencies (RF and IF), we designed dual tank circuits placed in series. 

Figure 3.1 shows the simplified schematic of the circuit in which cascode configuration 

is used for the amplifier stage [1], [12]. Figures 3.2.a and 3.2.b show actual circuit with 

simulated output shown.

mo

RF/IF Out

RF/IF in 
+ B ias'

Figure 3 J: Basic schematic of amplifier used
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One of the challenges of two tanks circuits is mutual interference between them; so, the 

standard formula (1) does not give us accurate values of the components.

/  =
2m ^ T c (1)

In this case, the solution is to use formula (1) as the primary design tool and then 

observe the simulation and make adjustments until it matches the desired frequencies. Because 

S parameters were not available, the standard matching design procedure will not work. As the 

result, we used a narrowband design procedure derived by Leung [1].

L123
1700n

C121
0.00145n

«■ t
3.3 LI 24

150n
C122
0.00018n

1.5k

—jji'O0.1u

R2 LI 21

O.OSSnHIVac 185

“ 0 L122 
0.17nH

Figure 3.2a; Or-CAD schematic of the amplifier used in Reflex Circuit
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........../

......... r
\ 1 
\» A? *
1 ' i ,1........ \ .......................L j 1 
....

...L \ ■ 1 
\ f 1 \

i m z  liiifiz
0 UCC123:1)/ P(R2’1)

Frequency

liS iz

Figure 3.2b: Or-CAD Simulation of circuit from figure 3.2.a 

The process can be divided into five basic steps::

1. Designing a drain Inductor using the real part matching condition

2. Designing a base inductor using the NF specifications

3. Designing a Width/Length ratio using real imaginary part matching condition

4. Checking to see if power specification is met, and

5. Using the Gain to find the value of the tank capacitor

The resulting circuitry, along with the bias, is shown in Figure 3.2.a. A noise figure (NF) 

simulation of the same circuit gave NF=5.7 dB at the two operating frequencies (100 

and 900 MHz). This NF is adequate for the purpose of demonstrating the reflex 

architecture, but does not compare to the state of art for Complementary Metal Oxide 

Semiconductor (CMOS) LNAs, e.g. [15,16] and further optimization may be necessary.
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CHAPTER 4 

Diplexer

The usual amplifier is a two-port circuit. That is, it has an input port consisting of 

two terminals and an output consisting of two more. One terminal (ground) can be shared 

between the ports. Many filters are also two-port networks, including most of the ladder 

networks we use so often. Many other networks have three or even more ports. A common 

example is a mixer, which has three ports. Another example of a three port network is a 

diplexer. This linear network is usually designed around two port filters where one end of 

two different filters is paralleled to form an input port. This is illustrated as Figure 4.1.

O u t# l Ro
Ro

Diplexer

O u t # 2
Ro

Ro

Figure 1

Figure 4.1: Two Port representation of the Diplexer

The purpose of a diplexer is usually to force a frequency constant impedance to 

occur at the input port, even though we usually only use one of the two output ports for
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signals. The simplest form of diplexer uses a pair of one-element filters, a low pass 

and a high pass. This is shown in Figure 4.2.

Rq

RoRo

Figure 2

Figure 4.2 \ Diplexer that uses combination of High Pass and Low Pass Filters

Figure 4.2 shows the basic diplexer circuit layout. Equations that calculate L and C 

values are derived for a perfect match. The angular frequency (6) is called the cross-over. 

A familiar example is the cross over used in audio systems. The network that splits 

signals is a diplexer. Here is an example where both outputs are used. Another form of 

diplexer is the band-pass/band-stop combination. This is shown in Figure 4. 3:

RoRo

Ro

Ro

Figure 3

Figure 4.3: Diplexer with Band Pass / Band Stop Combination
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The Band-Pass / Band-Stop combination allows us to choose the path for certain 

frequency of incoming signal. In our case, we have two signals RF and IF; so, we will 

modify this design so it can direct two frequencies. In this case, single path will have to 

pass one frequency and reject the other. On the other path, it will do the same thing, but 

with opposite frequencies. The resulting circuit of this design is shown in Figure 4.4.a 

and the simulation result of the circuit is shown in Figure 4.4.b.

The diplexer has the function of combining and separating the composite signal 

from/into its constituent parts, to permit both frequencies to be transmitted through the 

LNA simultaneously. The characteristics of the diplexer are different from the responses 

of two individual filters. The main problem that one has to face when designing the 

diplexer is mutual interaction of the two filters composing the diplexer. In our design, we 

had two diplexers; one before the amplifier and one after the amplifier.

L131 C132

1 0 0 0 kR1 3 4 Output t o  M ix e r
j_L_T V 'Y V \...2,

3.16nH lO p

C123
0.1U

L134
253n

R133
LI 32

253nH
IVac

=  C134
J _  lOp

Output of System
G131

sop
LI 35 

31.272n

C135

Figure 4 .4 m : Diplexer circuit used at LNA output. 
*A similar circuit is used at the LNA input.
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Figure 4.4.a shows the basic design of the diplexer as used at the LMA output. This 

diplexer takes the signal from LNA and splits it into two signals. The top branch passes 

900 MHz but presents an open circuit to the LNA at 100 MHz, so that only 900 MHz

arrives at the mixer.

The bottom section passes 100 MHz and is open for 900 MHz, so only the 100 MHz 

arrives at the output of the entire circuit. The first section of diplexer is used for 

impedance matching. The second section has two paths, each one acts as an open circuit 

for. the undesired frequencies in each path; lOOMHz in the top and 900 MHz in the 

bottom. The third section in each path is a shunt series resonant to short 900 MHz in the 

top path and 100 MHz in the bottom path, thus providing further rejection. The diplexer 

frequency response is shown in Figure 4.4.b.

1.2U

i.SSW

t,% 0

18MHz ie@HHz 1 .8 6 H z liS H z
o W (R 132:2) 0 W(R13%:1)

Frequency

Figure 4.4.b: Diplexer Frequency Response

Three peaks are visible, those at 100 MHz (IF) and 300 MHz for the lower branch

and 900 MHz (RF) and 300MHz for the upper branch. The 300 MHz response is spurious
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but, since 300 MHz is not one of the product frequencies of the mixer, the response does 

not affect the circuit operation.

A similar configuration is used on the input of the LNA. This diplexer is the mirror image 

of one shown in Figure 4.4.a. It takes two signals: the output from the mixer stage at 100 

MHz and the antenna input at 900 MHz and combines them as the single input to LNA.

As in the case of the tank circuit, one of the main problems of the circuit is the mutual 

interference and, as in the previous case, the problem is solved by slight adjustment of the L 

and C values, until the desired center frequencies match the values in simulation.
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CHAPTER 5 

Mixer

A mixer, or frequency converter, converts the signal from one frequency (RF) to 

another frequency (IF). The choice of the mixer used in design was based on the 

application. Passive mixers can have advantages in the form of dynamic range, IP3 

point, and power consumption in the mixer itself; however, the trade-off is in conversion 

loss and increased power from the local oscillator (LO) and conversion loss. Active 

mixers achieve conversion gain and need less LO power, an important consideration in 

low voltage applications.

One of the simplest active mixer designs is the unbalanced mixer in which output 

is taken from only one side of the differential pair. The problem with this construction is 

that RF signal appears at the output (RF feedthrough), which is undesirable for our 

application.

The next level of design would be single balanced mixer in which output is taken

differentially from both branches of the differential pair. In this manner, we eliminated 

the RF throughput, but it still has the LO throughput. This is seen in Figure 5.1. This 

structure is also reversible which means that RF and LO injection points can be 

interchanged. The circuit will still perform as the single balanced mixer, except it will 

reject LO this time and have RF feedthrough. The resulting circuit is seen in Figure 5.2.

14
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IV- I V -

M1.
Vto+ — | h

ii‘0 o.|
^ L _  VI®.

MS

m

Figure 5.1: Basic single balanced mixer configuration 

iv-f- IV-

Vrt-l- ]l  Wf-
||.o oil

VI©
iW4,J

Figure 5.2: Basic single balanced mixer with IF and RF reversed

Next logical design step is combining two single balanced transistors. The result is a 

double balanced mixer, also called quad mixer or a Gilbert cell mixer. Gilbert cell mixer 

ideally eliminates both RF and LO feedthrough.

How does the Gilbert Cell actually work? Using the Figure 5.3 we will explain 

the main principles of operation.
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X  ± f  + X  i f  -

m.a

Figure 5.3: Double Balanced / Gilbert Cell Mixer

For this example, we will assume that pulse wave is applied to the LO with 

amplitude high enough to turn transistors on. During the positive cycle (N channel), 

transistors M2 and M3 are on. During this, M l and M4 are completely off. At the same 

time, I if  + is equal to sum of the currents from M l and M3 and that is equal to:

Iif-¥ = § + I i f -

Now, when pulse switches to the negative part of the cycle, transistors M3 and 

M6 will be on, and I  if  + is still equal to sum of currents from M l and M3; but, this time,

I i f + = l r f + 0 .

The same procedure can be used to trace the I  if  so, we can see that advantage of 

double balanced mixer is that we doubled the efficiency in comparison to the single
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balanced .mixer. This means that conversion gain (Gc) is double the Gc of single balanced 

mixer and four times the Gc of the unbalanced mixer.

Consequently, a doubly-balanced mixer is necessary in this application, in order 

to reduce the number of spurious frequency components at the mixer output, which 

would complicate the design of the diplexers. After testing several different active mixer 

configurations, the best performance was achieved with the CMOS Gilbert Cell 

configuration seen in Figure 5.4, where bias transistors and voltage followers are added 

to bias the circuit and improve the performance [3] of the mixer.

—— IF-
LOIF +

I RF-

Figure 5.4: Gilbert Cell with bias circuitry

After determining the optimum and minimal bias of the mixer, results are measured and 

recorded in table 5.5.

Simulation of the output in time domain and in the frequency domain are shown in Figure 

5.5.a and 5.5.b for the RF of 9(X) MHz and LO of 1 GHz.
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1 .250U

1 . i i i «

@.75m

0 .5 9 5 U
17%.8ns 1 8 1 .0 n s 1 9 0 .0 n s

io jU (H 1 0 :d )  o U (H 1 2 :d )
l i n e

2 8 8 . @ns 210 .0n s

Figure 5.5a: Time Domain Response of G.C. Mixer

375nU

250nU

125BU-&

8U

ft1 - HJO. aOSl i ,  
82 - U.tMH), 
f l i f  IHH.HMSM,

9 0S-1)9 7 n 
iSSH.SIVn

F re q u e n c y

Figure 5.5.b: Frequency Domain Response of G.C. Mixer

Gain of the mixer was initially measured according to the formula derived by 

Sullivan [ 2 ]:

G c  =  - { g ^ x R j  
7t

(2)
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After this general forniuia is used to determine the exact gain

DaSilva [6]
Pdeiload

Gc = ~ ^ ---------=  101ogio
Pavil.source

f  \
out

l̂ocd
in

V j

(3)

Obviously, in order to optimize gain, we had to find the optimum input and output 

impedance and then maximum gain. For that reason, table 5.4.a and 5.4.b show the results 

that were tested in order to optimize the impedance levels.

Load
Resistance

Ohms

Output
Voltage

mV

Output
P o w e r
JWW

Power
dB

100 17.50 1400.00 3.146
200 34.50 1380.00 3.140
300 48.80 1301.33 3.114
400 66.80 1336.00 3.126
500 85.20 1363.20 3.135
600 100.60 1341.33 3.128
700 117.50 1342.86 3.128
800 130.90 1309.00 3.117
900 147.60 1312.00 3.118
1000 161.50 1292.00 3.111
1100 172.90 1257.45 3.099
1200 187.90 1252.67 3.098
1300 197.40 1214.77 3.084
1400 212.70 1215.43 3.085
1500 220.10 1173.87 3.070
1600 231.01 1155.05 3.063
1700 240.60 1132.24 3.054
1800 252.80 1123.56 3.051

Table 5.4m : Output power for different loads of the Gilbert cell Mixer
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MIXER
SpecMcaMom 0J8 micron 0.S micron process

Conversion Gain 16 dB 16 dB
NF 9dB

Power 8.7mW 9.7mW

Table 5.4.b. Mixer Specifications

As we can see from the Table 5 A.a, there is not much change in the gain as the output 

impedance changes. One of the things that we can notice is that as the resistance lowers the 

conversion gain increases. Output impedance needs to be matched to the load and on these 

frequencies it is common to see impedance ranging from a few hundreds to several kilo- 

ohms. From the table we decided to use 200 Ohms resistance. This way we can get relatively 

high resistance and gain at the same time.
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CHAPTER 6

Complete Reflex Simulation

Connecting the circuit blocks together to form a complete reflex circuit was not a 

straightforward assignment. Individual parts had to be matched and the circuit optimized 

based upon the results. The process of joining the circuit was done in several stages:

• Output diplexers joined to the Mixer
• LNA connected to the diplexers and mixer
• Input Diplexer Joined to the LNA, Output Diplexer and Mixer
• Loop Established between mixer and input diplexers
• Additional circuitry added to suppress the oscillations

The design was tested as individual stages, as described previously; then, they were 

combined into sub-blocks prior to assembling the entire RF front end.

After designing the mixer, the diplexer was added and the mixer and diplexer were tested 

together to resolve the matching issues and observe the total gain. Then LNA and second 

diplexer were added to the input of the circuit. The resulting configuration is shown in 

Figure 6.1.

21
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LP F IL T E R  f* LP F IL T ER

OUTPtTT O U T PU T

D IP L E X E RD IPLE X E R

TNPTTT RF IN PU T RF

DIPLEXER D IP L E X E R

L N A

M IX ER

Figure 6.1: Detailed block diagram of the reflex circuit

The circuit is differential throughout, with the LNA split into left and right 

sections, each with their own diplexers.

A simple RC low pass filter (fo = 250 MHz) was introduced into the feedback 

circuit from the mixer output back to the LNA input. This served as compensation to 

eliminate undesired oscillation that occurred when we connect the feedback circuit back to 

the input o f the diplexer.

The resulting signal spectrum coming from this setup is shown in Figure 6.2, 

under large signal conditions [324 mV for IF and 175 mV for 900 MHz]. Figure 6.3 shows 

the time domain response of same IF signal. FFT simulation shows that the second and 

third harmonics are suppressed and that no significant spurious signals are present. This 

forms low harmonic, intermodulation distortion, and stability in the feedback loop by the 

reflex arrangement.
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Figure 6J. Frequency domain output of reflex front-end.
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Figure 6.3. Time domain output of reflex front-end circuit

After putting the pieces together and optimizing the parameters we measured the 

characteristics shown in the Table 6.0
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REFLEX Rin=1k / RL=10k
Specifications 0.18 micron 0.6 micron process

Conversion Gain 37 dB 26 dB
NF 6dB 5.7 dB

Power Consumption 14mW 42mW

Table 6.0: Performance Characteristics of Reflex Receiver

[27]

[25]
m m m

[26]
p m mm ##4^

. ,1.

m m .

t e r n m

Table 6.1: Performance Characteristics of some related BJT receivers

One of the most important points of analog design is linearity or the dynamic range 

of the system. Regarding the dynamic range of a receiver, two definitions can be applied: 

spurious-free dynamic range (SFDR) and blocking dynamic range (BDR) [7] (Figure 6.1). 

SFDR is the input signal range from the noise floor up to the input power that creates 

intermodulation products equal to the noise power. BDR is the input power range from the 

noise floor up to the 1-dB gain compression point (P-ids) [7]. Intermodulation products are 

undesired harmonics arising from the non-linearity of the receiver components [8], 

including the LNA and the mixers. In most RF receivers, third-order intermodulation 

dominates and the corresponding distortion is specified by the third-order intercept point 

(IPS). IPS is the intersection point of the fundamental frequency component gain curve 

and the third-order harmonics gain curve (see Figure 6.4). In homodyne systems, even- 

order distortion can be severe [5] and the second-order intercept point (IP2) is also
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specified. The 1-dB gain compression point is the input power which compresses the 

linear gain (fundamental frequency component) by IdB. Knowing this, we can move on to 

finding oer IP3 point.

The procedure for deriving the IPS point of this reflex amplifier is as follows:

1. Create a normal gain curve of the reflex system using a RF frequency of 900 

MHz and IF o f!  GHz.

2. Replace the 900 MHz RF with two sources 890 MHz And 880 MHz and use

those to find the output gain of the 110 MHz component (Figure 6.3).

3. Use this component to find 3"̂  order curve

4. Extend linear pats of both curved and find intersection point which is the IP3

point.

Output
Power

IdB

3-rd Iiitennod
Noise
Floor

IIP3 Input P ow erSFDR

BDR

Figure 6.4: iVormal and 3’’̂* order curves explained
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Figure 6.5:
Normal Curve of the 0.18u process used for IdB compression point calculation

Figure 6.2 shows the graph of output vs. input power. We know that gain of the system is 

calculated using the formula:

Gc = 10 log (- Ri (4)

Using Or-Cad simulation tools and FFT, we can generate all the points shown in 

Figure 6.2 and estimate that the Mb compression point occurs at about -30 dB. This means 

that, after this point, our power gain is not linear. The procedure was repeated for 3’’'̂  order 

curve, except two frequencies are injected 880 and 890 MHz and the difference 

component of 110 MHz is observed as seen in Figure 6.3. Here, we have to use simulation 

as accurate as possible: accuracy of the simulation is directly proportional to the length of
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the simulation. The simulation that produced Figure 6.6 had the file size of 1Mb and it 

took about 45 minutes to execute on Pentium IV 2.8 MHz processor.

37.5nU

2 5 . §bU

12.5nU

lUj.fniBii,
99 .yysM, 6 . /1 o / n

.8MHz H i . i M H z
ip jU (R 232:2 )  o  U (R 13 2:2)

F r e q u e n c y

1 2 0 . 1

Figure 6.6: FFT simulation of the circuit used for EPS calculation

Given the simulation from Figure 6.6, and knowing that the slope of the third order curve 

has to b e  three, we can set up the following system of equations:

y=x + 41 

y= 3x + 164

-normal 

-3"̂  order.

Now, to find the point of interception at the input, we have to solve the system 

above and determine the input and output gain using the formula (4) followed by simple 

number to dBm conversion. Figure 6.7 illustrates these two lines/curves and approximates 

the IP3 point to be about -20 dBm at the output.
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Figure 6.7: Crossing of normal and 3rd order curve as DP3 point

For complete set of values used for Figure 6.4 as well as the all the calculadons refer to 
Appendix D.
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CHAPTER 7 

Self-Oscillating Mixer

As an improvement on the existing design, we decided to try to further 

improve the mixer. This is done by eliminating the power needed for the LO by making 

the mixer oscillate on its own. Basically, we are merging two circuits together, LO and 

Gilbert Cell Mixer, instead of stacking them on top of each other. The design of the 

circuit was taken in several stages;

• The first stage was to build a basic oscillator and make sure that we could 

apply this to our design.

® Several oscillators were tested and finally the following structure, shown in 

Figure 7.2a, was adopted.

• After unsatisfactory results with regular feedback oscillators, we decided to 

utilize the Colpitts feedback oscillator that will connect drain back to the 

gate.

The frequency of the oscillation of the Colpitts oscillator and basic colpitts configuration 

is given in Figures 7.1a and equation (5).

29
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C1

0
X  

-  0

C2

Figure 7.1a. Schematic of Basic Colpitts Feedback Configuration

1
fosc =•

2tcAL

(5)

Cj+C

This basic formula can be used for our differential amplifier with small changes. 

Instead of C2 we have combination of C2, C3 and Cgs from the transistor. So, the new 

equation (6) has the form:

1
fosc =■

C ,(C ,||(C ,+ C „))
(6)

C ,+ (C ,||(C ,+ C „))

Because our Gilbert Cell Mixer is made of the two differential amplifiers for the 

LO signal, we will have to incorporate two of the differential oscillators shown in Figure

7.2.a. How much of the interface will the oscillators have and how precise does the 

frequency lock need to be? A system has to oscillate as clean as the original single 

differential pair, whose time and frequency domain outputs are shown in Figure 7.2.b and

7.2.C
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R1 15V
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R4 

100k

Figure 7.2.a: Differential Oscillator
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Figure 7.2.b: Time Domain Simulation of Differential Oscillator
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Figure 7.2x: FFT of Differential Oscillator 

Now, in order for this system to be effective, we had to make one more 

adjustment. The adjustment was caused by differential system inability to oscillate 

without the initial stimulation in the form of a simple pulse or similar wave. This problem 

was solved by incorporating the “quadrature topology” [11] shown in Figure 7.3

OLO+C4 
”11'

M3 M i

RFiJCr Mi

Figure 7.3; Quadrature Self Oscillating Configuration
(taken from [11])
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The technique for achieving self oscillation is based on observation of the sums of 

drain currents for transistors M l and M4. RF signal and product of RF and LO inputs cancel, 

leaving only the LO component. This LO output component can then be fed back to the 1.0 

input port, in order to produce the self oscillation. In Figure 7.3 resistors R l and R4 isolate the 

intermediate frequency (IF), RF and LO output signal components at the drain of transistors 

M l and M4. The two pairs of capacitors formed by Cl through C4 sum the in-phase LO 

components and cancel the out-of-phase RF and IF components.

In our design, we modified the capacitor system C l -  C4 and replaced it with Colpitts 

oscillators previously described. Results of this transformation are circuits shown in Figure 7.4 

and 7.5.a.

7u
-.ng. w

- € > -
VA».v.="w = oil VAMPL -.0 01VS=F =0 I VOF? =0

Figure 7.4: Self oscillating Mixer using the BJT Technology

,X
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Figure 7.5.ar Self Oscillating Mixer using the CMOS Technology 

Figure 7.5 b proves to us that the circuit is oscillating and that two outputs are out of phase. 

This is very useful because it will cancel the unwanted frequencies and, if output is taken 

differentially, the amplitude will double.

7.9n«y

5.emU

-*i .8bU
986.4ns 925.8ns 959.0ns 975.8ns

a U(C6:1) o 0(R 6:1)
Tine

Figure 7.53: Time Domain simulation of the CMOS -  SOM
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Figure 7.5.c: FFT Simulation of the CMOS -  SOM
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Figure 7.5.e Enlargement of the CMOS SOM 128 MHz component 

that demonstrates the g a i n  of the 5.31 dB
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111 this case, resolution is very important because it can halve the gala value, if the 

simulation is shorter then 5 ms.

IP3 Calculation

In order to perform the IP3 calculation, we had to alter our circuit and see the 

output when two frequencies are applied. In our case, we applied RF frequencies of 890 

and 895 MHz and self -LO of 760 MHz, which gave us the 146pV output, while the input 

was still lOmV.

Before we can define IPS point, let’s find out what is 1 dB compression point. For 

that purpose, as seen at table 7.0, we varied the input of the SOM until our response was 

not linear anymore. From Figure 7.6, we can extrapolate the value is about -16 dBm.

I f
3

1 dB Gonrpiession pdrf

-120.0 -100.0 -80.0 -eo.0 -40.0 - 20.0

1 '

ir^ jl [cBn]

if

0.0
0.0
- 10.0
- 20.0

-30.0
-40.0
-» .0
-03.0
-70.0
-03.0
-a3.o

Figure 7 .6 :1 dB compression point of SOM is ~ -16 dB at Output
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The same situation can be more accurately read from the table 7.0, where the last 

good value is ~ 10 mV. After this value, the gain drops by about 2 dB for input of 3 mV 

(greater then 1 dB).

lormal Response of SOM with LO of 766 MHz
Input Input Output

WMHZ 900MHZ 124MHZ
.......IV oteJ........... _____ ....

0.0001 -86.021 -80.8184
0.001 -66.021 -61.8602
0.005 -52.M1 -46.9110
0.010 -46.021 -40.7546
0.050 -3Z041 -28.7373
0.100 ■26.021 -21.3493
0.300 -16.478 -13.5687
0.400 ■13.979 -12.0854
0.450 -12.956 -11.4784

Table 7.0: Table of input vs. output values used for normal curve 

Once we determined normal curve, we can move on to finding 3*'*̂ order curve. 

Figures 7.7a and 7.7b illustrate the output created by combining all the frequencies. This is the 

basic calculation of the process:

RF = 890 MHz LO = 766 MHz IF = 114 order

RF = 895 MHz LO = 766 MHz IF = 119 L' order

IF = 124 3̂  ̂order

IF = 109 3®'̂  order.
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Figure 7.7a: FFT response of 2 RF inputs showing normal and IP3 components

Now, we can all see there is a slight difference in the amplitude of the main and 3̂** order 

curve. This difference is due to the slight imbalance of the transistors.
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Figure 7.7b: 3"̂  order component enlarged
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Figure 7.9; BP3 Point of SOM is approximately -  5 dB at output

Table 7.10 shows a summary of the results that were previously calculated and measured.

VDD 10 V
Power Dissipation 240 mW
Self Oscillating Frequency 900 MHz
Conversion Gain 5.31 dB
1 dB Compression Point -16 dBm
IPS Point -5 dBm

Table 7 .10 - Measured and calculated results of the SOM 

Just for the comparison, we will show the table of the values for a related design from the 

literature. [9]
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Table 7.11: Table of measured values for the Quadrature mixer [9]
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CHAPTER 8

Implementation

As the circuit was developed, VHDL implementation had to be done so that a 

circuit can be manufactured and made into the system. First, we had to choose the software 

for the layout. We used several software tools in the development stage and a large 

majority of the design was developed using two major tools; Electric and, the most 

important. Cadence. We used Electric to get familiar with basic procedures of the layout. 

We used knowledge acquired to create the final circuit layout in Cadence. For testing 

purposes, before we designed all the layouts, we tried to implement our circuit using 

regular “off-shelf ” components. So, we took the self oscillating mixer and implemented it 

using 7.2 MHz as the RF frequency. The resulting circuit is shown in Figure 8.1.

470p lOuH tOuH 4T0p470p 10uH
W fer-

lOuH 470p

VOFF = 0 
VAMPL = 5v 
FREQ = 7,3fri®g

Figure S.l.a: Schematic of Circuit used for test
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1

m

Figure 8.1.b: Actual SOM Circuit used for testing

This circuit will be set up to self oscillate on 1 MHz, with the IF frequency of 

~6MHz. The circuit does not have great gain, but that is due to transistors that we use. In the 

VLSI design, we can change the width of the transistors and that way increase the current flow 

which will improve our gain.

An FFT of the output was captured using a digital oscilloscope. This circuit works 

properly and, most importantly, it shows that our simulations are valid and gives us more 

confidence in continuing to develop the design.

In order to draw the circuit, we have to resolve and learn some basic characteristics of 

the component drawing. One of the most important parts of drawing is the transistor. The 

reason we do this is to minimize the area and the design and implementation errors due to 

resistances, capacitances, or anything similar.

When designing a transistor, we have to pay attention to several elements of design

[23], The first is fingering. In order to place a transistor on the ceil that is smaller than norma!
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transistor width, we use a technique called fingering. The ao,rmal transistor width can be ICX) or 

more times greater than the length. In that case, a transisistor would not fit into the normal size 

ceil. So, to draw such transistor, we split the total width in several parts called fingers. This 

method is, for obvious reasons, called fingering. But, the most important reason for fingering is 

to optimize the resistance of the gate poly. At the same time we need to pay attention on actual 

number of fingers and odd vs. even number of fingers.

Figure 8.3: Transistor layout for the Self Oscillating Mixer uses 10 fingers

Figure 8.3 shows us the actual transistors drawn in Cadence Layout where we 

incorporated ten fingers seen in the red color.

Another consideration is to optimize the number of contacts. The most 

commonly used and reliable rule is to use as many contacts as you can using the 

minimum design rule. This assures the maximized performance of the transistor and the 

only down side is limited routability of the transistor.
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The type and angle of paths is also important. 90 degrees polygons and 

paths are most commonly used. The reason is that orthogonal shapes require smallest 

amount of data and layout. Some specific designs use 45 degree bends because of limited 

space and pitch, like memory cells, but, in those cases, the maintenance and 

modifications become that much harder.

We should try to avoid any soft connect nodes which are ones that are 

being connected through nonrouting layer. This kind of error will pass the standard 

design checks but will cause poor circuit performance.

Figure 8.5 shows the complete layout done by cadence of the Self Oscillating 

Mixer. All of the inductors and capacitors are taken off the chip for the purpose of saving 

space and cost of the production. This gives us more freedom for adjustment and fine 

tuning. Appendix E presents some of the Cadence files showing parts of the circuit as 

well as complete circuit.
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Figure 8.4: Complete Circuit layout for Self Oscillating Mixer
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CHAPTER 9

Conclusion

The reflex amplifier proof of concept was successfiilly simulated. The usage of 

the reflex amplifier will result in a reduction in power level through stage reuse. We 

have shown that stability issues can be resolved through compensation and a double 

balanced, fully differential configuration. The reflex topology does result in an increase 

in passive parts count with the diplexer implemented off-chip. We believe this to be the 

first published CMOS reflex receiver design and the first use of reflex topology in an 

RF/IF configuration.

A self-oscillating mixer was simulated, and a low-frequency model was built (6

MHz). This circuit can result in reduction of system power by eliminating the local 

oscillator. It has good gain, and the linearity figures are acceptable. The mixer does 

require high bias voltage due to ensure proper startup conditions. To the best of our 

knowledge this is the first demonstration a self-osciUating Gilbert Cell Mixer.
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APPENDIX A

LNA Calculations

V d d

L3 I

Hi

C l

Vo

Vin LI M l,

L2

Step 1.

Rin power = Rs

1 0 0 0 = * . H  = - ^ Z , = 2 ;i- / , ,4

Where his unity gain frequency of the MOS transistor and given by

2 -^ /r  = S n
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In most cases fr is given by manufactarer so in our case for 0.5u process fx = 4 GHz

So:

I , = - 1® « L  = .3 9 8 ^
^  ItcxAGHz

Step 2.

Lets say that NF specification say that our noise Figure NF<3dB

2 1
NF = 1 + - — - - < 2

L, 3

: .L ,< l2 m n H

Ij=1.000nff

Step 3.

Designing C=Cgs and (W/L) using the imaginary part matching condition

H’ ( Z , + Z , )  =  J -
Ŵ C

knowing th a t: Wc= 2 x tc x 1.9 Grad/Sec we can determine following

1 1C =
w; (Z,+Lj) (2^x  1.9Grad /  sec)" (InH + .39%nH) 

C = 5pF

Now we can find (W/L) using the formula:
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C = C * .= |H 'tC „

We let L be minimum or 0.6 um and Cox is given to be in the process 2.6 fF/um^

So we can substitute in the following equation:

W = =  = 4762wm
- C l  - - 2 .6 /F X 0 .6

f W \  4762fim 
\ L  J 0.6/iw

Step 4.

Now we have to se of the power specs are met:

8 m = 2/rf^xC = InxAGHzxSpF  = 125.7mQ^’

To find the drain current of M l and total power we use fallowing steps [13, 14]

For this process we average the k’ = 300[uAAf'^2]

So by solving for = - ^  = _ < ™ t C  = 3.318mA
Z h    Z X  r—' X ------------

U ;  ^  0.6

So the power in the transistor M l is: 3.318 mA x 3.3V = I I  mW 

So the total power is about 4 times the M l and that is about 44 mW

Step 5.
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At last we will ase the gain formula to find the capacitance Cl with the estabiishment 

that gain has to be more the 20 dB which is gain of 10:

So: 4 = ------- ^ ------- >10
4 ( l - w ,4 C.)

Now for simplicity we will assume that L3 = L2 which we previously calculated to be 

0.398nH. (Step 1)

l - ( M f j H 0 3 9 S n H ) C , < - ~

0 9
... c, > --------- -̂--------- = 15.87pF

C, =20pF

Initially we will assume that width to length ratio will be the same for both transistors 

and latter we will se if we can make the adjustments that make it work more efficient.
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APPENDIX B 

Usage of OrCad Simulation Tools

OrCad simulation tools were used in development of this project we used. As with 

any software based research it is impossible to find software that will have all the features 

necessary for the process of design. While using the Or-Cad attention had to be paid to 

how the simulation is behaving. Due to the size of the circuitry and accuracy needed for 

some of the runs additional attention was given to the step size of output results. Details 

like sampling time for simulation runs and output scales had to be set manually in order 

to get desired or useful output.

Figures B.l and B.2 show the difference in the same circuit simulation set 

automatically (Figure B .l) and set manually (Figure B.2). This difference appears due to 

OrCad’s tendency to chose the step size in such a way to make the simulation as fast as 

possible. One way to eliminate too short and inaccurate simulations is to set the step size 

to a value needed. The problem with setting the step size is eventual memory overload.

3 ? .S bW

ZS.BwU

&

f t '! .1- .;iJ

8Hz 1 §mmz
D  U { B 2 3 Z : 2 )  *  U < R 1 3 2 : 2 )

Z 08l«z 2 7 « « Z

F r e a u e n c u

Figure B.l. Or-CAD Simulation set for 200 ns
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3 7 . § 1 * - ^  

2 5 . ' ■ !

1 2 . 5 b « -

W-
lea.omz ns.awiz

[ o i » C R 2 3 2 : 2 )  o  « { i 1 3 Z ; 2 3
Frequency

120. miz

Figure 2.2: Or-CAD Simulation set for 200 ms

Consequently, we notice that there is a difference in the output quality of shorter 

and longer simulations. In case of shorter simulation two close signals could not be seen 

and simulation output did not reflect a realistic result. Shorter runs did not have a step 

size small enough to differentiate between the two close signals (Figure B.3a). On the 

other hand if simulation is too long it takes to much time to simulate single run. In our 

case we used 20 ps run which took approximately 45 minutes on Pentium 4 2.66 GHz 

processor. In this case optimum solution is to use medium resolution with a step size long 

enough to differentiate close signals and have enough accuracy. After several trial runs a 

scale of 1-2 ps was chosen for all simulation runs. (Figure B.3b). This will give us about 

1000 cycles which is accurate enough for basic rounding. For more accurate readings we 

used 10 ps which gave us about 9000 cycles.

Figures B.3a, B.3b, and B.3c show the examples of these cases:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

37.51*0

2 5 .§ hII
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1 5 if« z

Figure B.3a: Simulation run 200 ns takes 10 sec to execute
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Figure B.3b: Simulation run 2000 ns takes 1 min to execute
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Figure B.3c: Simulation run 20000 ns takes 30-4Smin
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One of the biggest challenges of the successful use of the Or-Cad simulation tools 

is to be able to use a standard model that can be manufactured. The problem here is that 

manufacturer uses a specific set of processes with parameters that are not available in the 

Or-Cad library. For that reason we had to find a way to import transistor parameters from 

the manufacturer data bank to Or-Cad in a format that can be used for simulation.

This problem was resolved by analyzing the Or-Cad parameter coding and 

implementing these basic rules for import of the manufacturer transistor parameters. The 

following is the summary of the procedure to import:

Or-cad stores its transistor parameters in the form of text files. Each file has the 

title and the body. By default the title is break plus extension. If the title of any new file is 

kept the same as the Or-Cad default, all transistors in that file will assume same 

parameters. On the other hand, if the title is changed only the transistor with the changed 

title will have the new parameters.

As an example the default CMOS N Channel transistor has the name NBREAK 

and Figure B.4 shows this part as shown by Or-Cad.

MbreakN3D
Mbrê 4
MbreakN4D
MbfeakP
MbreakP3
MbteakP30
MbfeakP4
Mbreak.P40
MBRL030
MBRL040
MC1UI16MD0116FN
MD0H6LMDOIl̂
MCI 0216

mm

||Cteat@N®w P&tlM ,

!»«*> 1

. ■■■' ■■■■■;
E  am:

I

j

MbreakN f
I ' « imie

Figure B.4. Screen Shoot of the Main building block of system
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Once the part is placed on schematic we can right click the device and go to EDIT 

PSPICE MODEL and that is where all the attributes of the transistor are found. Though 

the system does not like this type of adjustments as long as you save all the changes there 

should be no problem. The best result and readability is achieved if device has all the 

parameters starting with + and lined up in single row column because in that case there is 

no need for comas or spacing behind each parameter.

A detailed description and a tutorial on how to import parameters from MOSIS and plot 

transistor curves are given in next section.

OR-Cad P-Spice Parameter Import

In this appendix it will be shown how to import MOSIS parameters in 7 steps. At the 

same time I want to emphasize that this is also possible by using the shortcut 

-Right Click on MBREAKN Transistor and go to EDIT paranieters 

-Copy parameters form MOSIS

-Paste parameters and change the name of the file to new name

Problem with this is that sometimes P-Spice acts up and does not want to take the new

files but instead saves the new file in addition to the old one and this way messes up all 

simulation. For that reason 7 steps are given which are more work but reliability is worth 

of little extra work.

The steps are;
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Step 1:

Go to the Parts menu. In this case you have need to select the part called MbreakN, as 

illustrated by the screen shown

P i! ' t A jv  '•»( i f
I .....................

  ---------

i p^NewPaitUsi f ]
'■■■. r , -

1"

jmbrs

Mbt<MkN3
MbreakN3D
MbfeakN4
MbteakN4D
MbreakP
MbieakP3
M:breakP3D
MbreakP4
MbreakP4D
MBRL030
MBRL040
MCI 0116
MC10116FN
MC1C116L
MC1011ff>
Mpiggif

w w

J:;:

♦I.

cte } 

Beo®

M? j_J

MbreakN

i t  fit*#

m

it e r e s ., .

I

Step 2:

Place and Close a copy of this part on the Schematics screen and leave it highlighted,

since the next step will call for you to make this part into one that is appropriate to 

perfoiming designs in a current manufacturing technology.
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- i r « - l i

m E n m i M M

B
a[(_J

Htrn i

Step 3:

Pull down the Edit > Model menu, for which you will immediately get a message that 

says ‘New schematics must first be saved’. So you will now need to save you file under 

whatever name you choose. For this illustration, we will save it under ‘nMOSa?’ and 

move on. Once you have saved your file, then the ‘Edit model’ option will be enabled 

for which you should see the pop-up screen

I >(it

Hrnrn

Ca»»i I g®|i I

i
E tft lrts la r«  Model |T m4l., j
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and for which you should select ‘Edit Instance Model (Text)’ and for which you will now 

have the screen

CepWFfom...
; Model M an*

■SweTt"
m
""'“1

..
model MbreakN-X NMOS

Since this screen is an ‘edit’ window, you can make changes that will stick. This is 

accomplished by highlighting the text and overwriting, which is the usual operation for 

editors created in the MS windows environment.

Step 4:

First we will change the name from MbreakN-X’ to some other name. For purposes of 

illustration we will let it be ‘mN7a’, as shown:
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■ ......................................................

model I 
*1

?NMOS

■ ; -  '*1

li UbfŜ; jH3ij4fa'\oiassas\ae3243\fe‘:SnMOS !

ftR I ̂ I I

Now move the cursor so that it falls after the ‘NMOS’ text and add a couple of 

parentheses, as indicated.

I  . l l i  ' - l i . i l . - j  i . - H l

ModeWwtt

Lir)odelmN7aNM0S

SK I I”f 'ifei.'f.i't.n'iwwmtUig »sJ

In between these parentheses you will eventually add the parameters that are necessary to 

define the FET as a working device in a particular technology.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64

Leave this screen alive while you proceed to the next step.

Step 5:

Where do we get the parameters? We go to internet resources. In this case we will go to 

a site that provides CMOS fabrication seiwices to universities^ among others. It is called 

‘MOSIS’ and we will capture and paste some of their parameters. The link that gets us 

where we need to be most quickly is: 

http://www.mosis.org/Technical/Testdata/menu-testdata.html 

and looks like

0* gft ^  .41 n̂mufaiet tjeli
I 4  ' ¥  ^  4S. a  :■* rf m  m
•V; SscJi Heteaj Hokb SisatSh ftw S«euti^

#. ĝ«̂ p̂p//ŵw.reKKis.Ofg/Technicat/Testdata/metuhtestdalâ^̂

Wafer Blfftrifa| Tent Data; ani 
S H K E  M fiiie l f a i w

iiii3 5 aS “|iS i i i iT 5 iS « »  i i i8 S ii '’r 5 fi"
:.. 6aaa^' ;imeMWfe«fcausaBgr

■ ■waiis ptrŝ î s-eiiBrtjste m» in«l 'iwei ^  mUM »a»r
lats. ipawmatrtc nssnKa «n*J BPtee
«jna '(sirtiwEbsilWi# pti' prtifcii ,»t WOiifc "

riii {riidLw t'4ws 5
AvaifaiWe fo r dssdhatm t m m  anSf

^  id ''I'i
, A«a2«bte fw  «ig£lfc»tweS rttm  a.ify 
^msprf/hs' ?'« o’l&ifl (Afmstmt)

«t

.xi
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Although the appearance of tliis site page may change, and surely the parameter and 

technologies will change, you note that there are several fabrication processes identified. 

Since universities are usually confined to only a few processes, let us choose the one 

identified as ‘AMI 0.50 micron (C5N) and see what is there. This technology is one for 

which the smallest feature size is L (length) = 0.5m. As well as the active n- and p- 

layers this technology has 5 interconnect layers, two of which are polysilicon (poly) and 

three of which are metal, probably of various refractory alloys conducive to high 

temperatures and that have a reasonable conductivity. The two polysilicon layers are 

used to form embedded capacitances.

Under this menu we will find that there is a long list of process runs, and we will select 

the one called T22Y.

4- ^  J l - A . • - «

I; Fotwwd Histead Hixm Neljosps Pr»ii Ssouf% Step

MdSIS PaMBielrle Test Mesiilts for 
AMI C ilf iliiis

f .

B4H 
in A  
t m t
' im  
a s  
x m
r tm
''BAW

! I S .  z !\
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Selection of this process run displays a data sheet that indicates values of various 

extracted data and parameters, such as sheet resistance, area capacitances, and various

thresholds. But the part of the data sheet that is of primary interest to the transistor is the 

part that contains the transistor parameters. And here we encounter a situation.

Given the very small size of the transistor, the electric field therein are enormous, and 

therefore there are many physical effects that take place. And each effect has its own 

equation. And each equation has its own parameter. And there are several different 

mathematical models that can be assumed. And often these are a mathematical mess. 

And so the parameter list is often long.

Well let’s not get entangled by the descriptions of MOS transistor models. We will cut to 

the chase and pick one. The one that is most often used is a semi-empirical, semi- 

statistical model called BSIM3V3 (or a later version called BSIM3v4). It is awful and 

often disliked. But it is available.

And its parameters, as available under the file that we have accessed are shown below.

Notice that they fill the page. There are 108 parameters for BSIM3v3. Each has a

purpose, but in many cases it is somewhat obtuse.
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PfŜ I
#■

S«S3%
m 1

|.,'siosf§.ofg/c

.mmmk cmmm pww i mm*. w
4W*S1®* B 3» r ■a I f m t as

!= WCM l . U l f m m « OOSffStOf
4-t.i s®s , 8« g « is *2 ~tt.OSflf»S m a s .s s iB tii

- 1 ,3lSS>33ia m t IM ,
0 »1T1W ss 6 ■ 3V ti9- 0
* ,75M70i mm. =! a ,-lis ts  i« s m ss -O.MOStSf

♦St' « S .4i« tS t2 m 53, »**13 m. ss,
tsi m&t ■ SS *0 ■s.s«®i« 4

♦*#« tx t r i a t i a t t m » M 5tt 5»“t
ss m SS t , 3312Si-S p : ae 0.<l®l9iS5»
ss i.sm m m s 3^ m i . o a t a a BIMI 8. s i t 2i 4f

*m 35S I mzm = 2.s a i i 32*-T> m m cs t . 6S3a f2,»*-S
8 m sr .i'K. 'm

« s - s i i s s a - e w-m SS m m im » l.OftOOW,
+SS* SS5 S', c#a« Jft 2, e»$m i
♦«|S6» i  ' ss' wili.. set -i.tfa iS fiiT i

fe a.a:S»0612 te w 5* s , 59ei»8« m tm s t
■+*»»iiica iS£ *3 #7S i i l -3 m sm cw SS ■ te 0. «i'7san«"

s . s ^ s t #  . a . ifiiSii.. ft- 0 ■'■■■"
a s . i i m $ St ■it. 4. MOWKSil A 1

+ tm !te 0 w » -:i.S m t iSS -0.11
+10̂  ' =: » K« = f . 82|. im ■ss
-MIBl net AV as 3. i 8«,
•HU s= 8 a * m 0

ss. 1 MK. 5= 8 m ss 8
m m 1 iiii ss fr wm ss. 1
m m 0 ay«»» = t. mMtMH i .5
♦eei# = z .07i~ l* c«s® ss t . 878-10 esB& a® M-t-
*& as i . iw a t f t t - i m = 0.99 m ftS 0. 4M2528
♦ €«» =2 9.2S « 2S~W m m = 0,1 najs® as 0. 1159«I5

m ^m - ss 0.1  ■■ HfiptSW® « i . i i s i s o s
*ei as 0 w n m se 8.oafiti63 m w as - 50-,9i'?a3S6

Alt:....:...
~o.ro » « « w m m ss ,~0 . 01,S313« as t . l 7a®6» -S  

i iT*
‘ lilSmaVow#” ..i V

but if they can be displayed, then they can also be highlighted and captured (Ctrl-c). Do 

so, and be sure that you have them all, beginning with ‘LEVEL = ‘ and down to 

Capture only the parameters associated with the NMOS device.

Step 6:

Now find the edit window for the nMOS transistor that you left active, position your 

cursor, and paste (Ctrl-v) these parameters into the space after the left parenthesis.
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Assuming that the copy/paste operation has been successful, you should see them in 

place.

I . I I I  ' - I m l i  I I .

■iwfi

model mK7a NMOS 

LEVEL =49
+VERSI0N=3,1 TNOM =27 TOX =1.39E-0
+XJ -1.5E-7 NCH -1.7E17 VTHO -  0.6695207
+K1 =0.8S944B9 K2 =-0.0917180 K3 = 25,6919711
1-K3B »-7.3653322 WO -IE -8  NIX =1E-9
+OVT0W = 0 DVT1W = 0 DVT2W =0 
4-DVTO =2.7518708 DVT1 =0.4157316 DVT2 =-0.1405757
+U0 = 459.4342532 UA -IE -13 U8 -  1.522944E-18
■̂ UC =1.874382E-11 VSAT -1.407444E5 AO =0.5981684 
*AGS =0.1306288 BO -2.521977E-6 B1 -5E-6
+KETA --4.514903E-3 A1 -7.33129E-5 A2 = 0.4029659
+RDSW =1.564889E3 PRWG =0.027362 PRWB -  0.0392247m

j e J - S s s J I

But there is still some work that must be done before you have completely instantiated 

these parameters into the model file. This file was designed to be downloaded into an 

F77 environment (different environment besides pSPICE), and therefore has a 

continuation character at the beginning of each line (the ‘+’) that must be parsed and 

deleted before saving this file. This process will probably have to be executed line-by- 

line, unless the editor improves sufficiently to let you make a search and replace. So bite 

the bullet and do so. If you do not purge these continuation characters, then pSPICE will 

become very confused and your circuit simulation will crash.

And you will also need to make some changes. Change LEVEL = 49 to LEVEL = 7. 

When operated in the VLSI environment, BSIM3 is level 49. But pSPICE is a maverick.
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and calls the BSIM3v3 model level LEVEL = 7. If you digress to some other simulation 

platform you will have to ascertain for yourself which level corresponds to which model.

Not so long ago there were only 2- 3 MOS transistor models. These are the ones that we 

use in the classroom, since they are simple and direct, but are also very inaccurate for 

small feature size MOS transistors. So as the technology has evolved we have 

accumulated more MOS device models, and now we have more MOS transistor models 

than a dog has fleas. The BSIMSv# models are public domain models, and so that is 

what we will use even though it may have its vicissitudes.

Once you have made these changes you can now close the model edit window by an 

‘OK’, which should save your model parameters in a long list. If you then pull the list 

back up via Edit > Model > Edit Instance., you will see the list in a more negotiable 

form;

vJr- Ea f iOfi". ■ ■ - ‘

imoda Ni«CS (
LEVEL - 7  
VEHSiON=3,1 
TNOM =27 
TOX =1,39E-8 
XJ =1.5E-7 
NCH =1.7E17 
VTHO = 0.G695207 
10 =0.8694489
K2 --0.0917188 
K3 = 25.6919711 
K3B =-7.3653322 

tw o -IE -8  
NIX -IE -3

m Cmmi!
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This list may require further editing, since it is entirely possible that some updates have 

not reached either the fabrication service or the simulation environment. In the event of 

clashes, we will return to the screen above and ‘comment-out’ parameters which pSPICE 

does not recognize, if any.

Step 7:

Now return to the Schematics screen, for which you have the one little nMOS part. 

Before any further use of this part, double click on it to present its sizing options:

" I  i  I ' l  ^  1 1 1 . . - ,  ■.

IN®, ,

^ f — ~ —

w=
AD=
AS=
PD=
PS=
N'RD- d

We will assume that this transistor will have W/L = lOpm/lpm, which is pretty small, 

but large relative to the minimum feature sizes. We will also assume source and drain 

areas to both be 10p.m x 1 pm = 10 p, and the source and drain perimeters to both be 20 

P-m,. Note that we use ‘u’ as the prefix for ‘micro’. The values are assigned by typing in 

the values and executing a ‘Save Attr’ in each case.
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W»10u
aD=iup
AS=10p
PD=20u
PS=20u
NRD=

u. SaveAttt 1
7:’/ . vrx'.

zJ

Caned |

Use the ‘OK’ to save this sizing feature for this transistor.

Now it is ready and you are ready to put it to work. It can be copied into any other 
schematic that you might desire, and will retain these process parameters and sizes.

You have created an instance (‘instantiated’) this transistor into your working 
environment.
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a  Low Noise Amplifier

APPENDIX C 

Schematic 1: Complete Circuit Schematic 

CZZ3 Gilbert Cell Mixer
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Schematic 2: Complete Circuit Schematic as used for design and testing
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Transistor Layout using 10 fingers
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Portion of the circuit involving multiple transistors
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Self Oscillating Gilbert Cell Mixer
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