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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.

iii
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CHAPTER |

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 fransistors 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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count in 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 ib 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.

RF BPF MIXER 1STIFA

RF IN -3 M’ L-p[>‘> I o

RF LNA Lo IF BPF
Inisction

Figure la. Conventional receiver front-end.

RF/F
RF/IFLNA  Diplax MIXER

T A TR
Dipiex IF QUT

BF N

Figure 1b. 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 purposes, 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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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 1ST IF AMP

FOUT

RF LNA ' iF BPF

LO
injection

Figure 2.1 - Basic Receiver Architecture

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



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.

vvvvvvv H.W_RF;EF Out

RFAF In_
+ Bias

Vss

Figure 3.1: 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.

1
=—=
2eNLC (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].

ci121

‘{1— 0.00145n

_*__:L_ Li24 12
. oL o
=0
| é
Mbreakn gi'O
Li2i

Yy LN B fmm

; Yy j=
Wee L 0.058nH Lo
0.75vae (O voreait | 1"

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

Out@#i Ro
Re
Diplexer =
F out §2
= Ro
Re
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.

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 (®) 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:

N e
P 1

'\ VNN
— ’R@ ‘——t .
- Re

Figure 3 ':_j;'

Figure 4.3: Diplexer with Band Pass / Band Stop Combination
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i1

The Band-Pass / Band-Stop combination allows us 1o 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 44.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.

1000k

131 ciaz Ri34 Cutput to Mixer
22 o
3.16nH “op '
fias  C123 L134
1k 0.1y Lig2
V1 va—a—»—iin—a-————n———--—— 253nH
/ c13s
s
C133 o ngf Output of System
c131 0.001n
2 4 i1 2 3

H
80p
1135
31.272n
1 33
. 312720

RAL ™

c125
]

=@§m4t-w

e}

Figure 4.4.a: 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 LNA 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: 100MHz 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.

1.2¢

B.g¥

&.40

g z e :
| iz 188z 1. 8GHz TRGHz
o BERIE2:2) o ULRI3H:1)

Freguency

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 circuif 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.

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



CHAPTER 5

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
fow 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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[@+ EE-

o L

Vio+ m.4 s{.w}m. Vio-
Of?gg F

7 ﬁ§§‘9 M5

S
-

Figure 5.1: Basic single balanced mixer configuration

[+ 1§-

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 actnally work? Using the Figure 5.3 we will explain

the main principles of operation.
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I if « I if -

I vf + £ zF -

iy

Vel

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, M1 and M4 are completely off. At the same
time, 7 if + is equal to sum of the currents from M1 and M3 and that is equal to:

Fif+=0+1Irf~

Now, when pulse switches to the negative part of the cycle, transistors M3 and
M6 will be on, and 7 if + is still equal to sum of currents from M1 and M3; but, this time,

Iif+=Irf+4.

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 Ge of single balanced
mixer and four times the Ge of the unbalanced mixer.

Conseguently, 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.

d T i
" LoPAj_Pr—,—qu]j "

Bias BEs

e e i

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

5.5.2 and 5.5.b for the RF of 900 MHz and LO of | GHz.
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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 |

2
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After this general formula is used to determine the exact gain

__Pdelload _ Ripua
DaSilva [6] Ge= Pavil.source 1010810 Va ©
|,

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 Qutput Cutput
Resistance Voltage Power Power
Chns my mW gB
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
800 100.60 1341.33 3.128
700 117.50 1342.86 3.128
800 130.80 1309.00 3.117
§00 147.60 1312.00 3.118
1000 181.50 1282.00 3.111
1100 172.90 1267.45 3.088
1200 187.80 1262.87 3.098
1300 18740 1214.77 3.084
1400 212.70 1121543 3.085
1500 220.10 1173.87 3.070
1600 231.01 1155.08 3.063
1760 240.80 1132.24 3.054
1800 252.80 1123.56 3.081

Table 5.4.a: Output power for different loads of the Gilbert cell Mixer
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MINER
Specifications .18 micron 0.6 micron process
16 dB 16 dB
gdB
Power 8.7mwW 2.7mW

Table 5.4.5. Mixer Specifications

20

As we can see from the Table 5.4.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

lex Simulation

Complet

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:

QOutput 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

¢ & €& e e

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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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 (f) = 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 of 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 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 8.18 micron 0.8 micron process
Conversion Gain 37 dB 26 dB
NE 8 dB 5.7 ¢B
Power Consumption 14mwW 42mW

Tabie 6.0: Performance Characteristics of Reflex Receiver

[25]

[26]

[27]

Table 6.1: Performance Characteristics of some related BIT 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-1g8) [7]. Intermodulation products are
undesired harmonics arising from the non-linearity of the receiver components [&],
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
(IP3). IP3 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 1dB. Knowing this, we can move on to
finding our IP3 point.
The procedure for deriving the IP3 point of this reflex amplifier is as follows:
1. Create 2 normal gain curve of the reflex system using a RF frequency of 900
MHz and IF of 1 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 4 -
Power = _
dBY
Fundamenial
3-rd Intermod
Noise —pp
Floor
&
e SEDR ——] Pam IP3 Input Power
A e BDR BN

Figure 6.4: Normal and 3" order curves explained
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Figure 6.5:

Normal Curve of the 0.18u process used for 1dB 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:

2
Veu

G.=101log ( Rg

) @

n

4-R,
Using Or-Cad simulation tools and FFT, we can generate all the points shown in
Figure 6.2 and estimate that the 1db 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.
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Figure 6.6: FFT simulation of the circuit used for IP3 calculation

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

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

y=x+41 e normal

y=3x+164 ceeeeeeee 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 IP3 point

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

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:

e The first stage was to build a basic oscillator and make sure that we could
apply this to our design.

e Several oscillators were tested and finally the following structure, shown in
Figure 7.2a, was adopted.

e Afier unsatisfactory results with regular feedback oscillators, we decided to
utilize the Colpiits 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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]

| i ry“x;“m 2 i
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Figure 7.1a: Schematic of Basic Colpitts Feedback Configuration
C+C,

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

®)

Instead of C, we have combination of C,, C; and C, from the transistor. So, the new

equation (6) has the form:

fo = ! ©)

¢ (G llc,+¢,))
2 SR GG

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

72¢
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Figure 7.2.c: 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

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 M1 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.O
input port, in order to produce the self oscillation. In Figure 7.3 resistors R1 and R4 isolate the
intermediate frequency (IF), RF and LO output signal components at the drain of transistors
M1 and M4. The two pairs of capacitors formed by C1 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 C1 — C4 and replaced it with Colpitts

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

and 7.5.a.
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Figure 7.4: Self oscillating Mixer using the BJT Technology
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Figure 7.5.a: 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.
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Figure 7.5.b: Time Domain simulation of the CMOS - SOM
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In this case, resolution is very important because it can halve the gain 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 146uV output, while the input
was still 10mV.

Before we can define IP3 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.

1 dB Compression poirt

-120.0 -100.0 -80.0 -80.0 -40.0 -20.0 0.0

0.0

-10.0
200
-30.0
-40.0
-50.0
-60.0
~70.0
-80.0
-80.0

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).

Jormal Response of SOM with LO of 766 Mz
Input Input
SOCMHZ S00MHZ
{ Volis 1 ] @ﬁmg
0.0001 -86.021 -80.8184
0.001 -88.021 51,8602
0.005 -52.041 -46.9110
0.010 -48.021 -40.7546
0.050 -32.041 -28.7373
5.100 -26.021 -21.3483
0.800 ~16.478 -13.5687
0.400 -13.878 -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=890MHz LO=766 MHz -> IF=114 1% order
RF=895MHz LO=766 MHz > IF=119 1% order
IF=124 3" 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 3" 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: IP3 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 0V
Power Dissipation 240 mW
Self Oscillating Frequency 800 NHz
Conversion Gain 5.31 dB
1 dB Compression Point -18 dBm
IP3 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 &
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.
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Figure 8.1.a: Schematic of Circuit used for test
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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 cell that is smaller than normal
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transistor width, we use 2 technique called fingering. The normal transistor width can be 100 or
more times greater than the length. In that case, 2 transisistor would not fit into the normal size
cell.  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.

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



44

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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G e

Figure 8.4: Complete Circuit layout for Self Oscillating Mixer
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CHAPTER 9

Conclusion

The reflex amplifier proof of concept was successfully 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 locél
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-oscillating Gilbert Cell Mixer.

46
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APPENDIX A

LNA Calculations

vad

L

L3 o

Cct

-0

Vo

e

Step 1.

Rin power =Rs

1000=¢ 2=fny —ons
gm C {: Z ‘fI‘Z‘?

83

Where f,is unity gain frequency of the MOS transistor and given by

27fp =2
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In most cases fr is given by manufacturer so in our case for 0.5u process fr =4 GHz

So:

1000€2

= e == AG8
2 x4GHz

L

Step 2.

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

NF=1+2_1

3144
L

<2

oL <1.200nH

L, =1.000nH

Step 3.

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

A A

knowing that : w,=2 x 7 x 1.9 Grad/Sec we can determine following

1 t
C= =
w(L, +L,) (2xx19Grad {sec) (InH +..398nH)

C=5pF

Now we can find (W/L) using the formula:
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C=C, =3WLC,

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-_—2C = SpF =4762um
§CoxL 5-2.6fF><().6

(W} 4762 pm
| ] ————
L 0.6um

Step 4.

Now we have to se of the power specs are met:
8 =27 f XC =2 x4GHz X5 pF =125.7mQ™"

To find the drain current of M1 and total power we use fallowing steps [13, 14]

[ W
8m = 4|2k (Z)]IDI

For this process we average the k” = 300[uA/VA2]

2 ~1y2
. & . 259mQ7y
So by solving for [, = " W} = o 3004 x4762 =3.318mA
L) v? 0.6

So the power in the transistor M1 is: 3.3/8 mA x 3.3V = 11 mW

So the total power is about 4 times the M1 and that is about 44 mW

Step 3.
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At last we will use the gain formula to find the capacitance C1 with the establishment

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

So: A,=n—~———£~—————>10
L-w.L,C)

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

0.398nH. (Step 1)

So:
° 1- (27 £.)*(0.398nH)C, < T16

0.9
>
2 f. ) x2nH

=15.87 pF

° 1

= 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 Teols

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.

Figores B.1 and B.2 show the difference in the same circuit simulation set
automatically (Figure B.1) 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.

37 .5nl
25 . Gl
12,58 ;

7 WA SR sl U s N U SO SN N SO S
. B AL 0 et ) 6 d

Gz hEil7 e 2T bz
o BER2S2:23 o Y{R182:2)
Frequensi

Figure B.1, Or-CAD Simulation set for 200 ns
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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 us 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.3¢c show the examples of these cases:
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Figure B.3c: Simulation run 20000 ns takes 30-45min
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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.

Advasced

:Mnsm

] ke . 4
, ; E i d
. § §CreaieNawF'a(tht "’“g [

Full L

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 systern 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 aiso possible by using the shortcut

-Right Click on MBREAKN Transistor and go to EDIT parameters

-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 mare 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

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

performing designs in a current manufacturing technology.
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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 ‘nMOSa7’ 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
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and for which you should select ‘Edit Instance Model (Text)’ and for which you will now

have the screen

del MbrealkM-+ 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 ‘mN72’, as shown:
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Now move the cursor so that it falls after the ‘NMOS’ text and add a couple of

parentheses, as indicated.

Edil Mudel 'l'ext

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

Step §:

Where do we get the parameters? We go to internet resources. In this case we will go to
a site that provides CMOS fabrication services 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:

hitofiwww.nosis.org/Technical/Testdata/menu-testdata. himl

and Iooks like

= Unh y: HP tnm{ r»r.r Luta '-;PIC! ’*indtl 1 I!Mruet

W mn//www osis. mg/T echnoal/T esldata/memrtutd&a hlml

| Wafér Electrwal Test Data am!
SPICE Model Parameters

et i,

fa&mwmag esonucre  cusromEs sERvicE aammm HOME

EwE

MOBIS ;amwdus elmmwf test dm ami .masa paremelers for most walor
{ots. Lot -spacific parametele results and BPICE devics model peramalers
are extrocied feum muasurements on walers probivd sl MOBLE,

SPICE imm 3 mmdel Mmmw for oig

. i
“mﬁmm fobron (GMOS1DGA
- maﬁmw fw d&dksﬁt # ﬂ Pans ﬁfé}ﬂ
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Although the appearance of this 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.

| SIS Parametric ”I‘&s Ress for o
AMI CAN Runs

" £ Sown

8
[ NEWS | ORDERS |TECHNICAL S

R R S R e e

R

btz
£ R

Bl ot vl Bba . sl
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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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but if they can be displayed, then they can also be highlighted and captured (Ctrl-c). Do
s0, 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.

F Jg_m&&t H:\sferclasseshes3243Vei\nMOS

o e e e B 3 o A PGS s
s =

N7

odel mh7a NMOS

TNOM =27 TOX =1.3%-8
5E- NCH  =17E17 YTHO = 0.8695207
=0.8684488 K2 =-00817188 K3 =28.6919711
3B =-73653322 Wl =1E8 HIX =1E-8

HDVTOW =0 PvTiw =0 DVT2w =0

LDVTO =27518708 DVT1 =04157316 DVT2 =-0.1405757
+l0  =4884342532 UA =1E13 UB  =1.522944E-18
4+UC  =1.874362E-11 VSAT =1.4087444E5 AD =0.5981604
+AGS =0.1308288 BO =2521977E6 BT =5E6

+KETA =-4514809E-3 A1 =732128E5 A2 =0.4029653
+RDSw =1564883E3 PRWG =0.027362 PRWB =0.0332247

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 BSIM3v# 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:

= {1 8634483
=-(.0917188
= 256919711
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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:

MU PartName: MbreakN

We will assume that this transistor will have W/L = 10pm/1jum, which is pretty small,
but large relative to the minimum feature sizes. We will also assume source and drain
areas to both be 10jim x 1 ym = 10 p, and the source and drain perimeters to both be 20
um,. 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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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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APPENDIX C

3 Low Noise Amplifier

70 Gilbert Cell Mixer

Schematic 1: Complete Circuit Schematic
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Schematic 2: Complete Circuit Schematic as used for design and testing
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APPENDIX D

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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