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Abstract

Among radio amateurs a variation of the sampling mixer with 25% duty cycle is used, which
is known under several names: Tayloe Product Detector, van Graas Detector or Quadrature
Sampling Detector. Although the circuit has been in use for several years no thorough analysis
of its properties has been made and it has not been noticed in professional scientific literature.
The experimental data suggests that the circuit has low conversion loss and noise figure, while
having a high linearity.

The goal of this Master Thesis is to investigate the precise properties of this mixer and to
compare its performance with better known mixer circuits. The outcome is to be verified using
circuit simulations. Also the feasibility of designing a RF receiver front end in 65 nm CMOS
using this mixer should be explored.

A comparison has been made between the topologies of the switching, sampling and Tayloe
mixer. A model topology has been found that describes all three mixers, called the frequency
converter model. This model has been analyzed using Linear Periodically Time-Variant the-
ory and closed form expressions for the periodic transfer function have been derived. From
these expressions, properties like conversion gain, noise figure and baseband bandwidth can be
derived.

Also an approximation of the periodic transfer function has been formulated for narrowband
channels, which directly translates the duty cycle parameter to conversion gain and Noise
Figure, and the bandwidth parameter to the baseband bandwidth. It was concluded that a
double balanced Tayloe mixer with 25% duty cycle provides the best balance between noise
figure and conversion loss.

Using these results a RF receiver front end was designed and simulated in 65 nm CMOS.
The channel was chosen at 1 GHz with 20 MHz bandwidth. A conversion gain of 10.5 dB
was achieved with a noise figure of 5.0 dB. Furthermore, the IIP3 is +12 dBm and the -1dB
compression point is -5 dBm. Therefore, it can be concluded that a receiver front end with
high linearity and moderate noise figure can be implemented using the Tayloe mixer.
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Chapter

Introduction

A few years ago Dan Tayloe has patented a seemingly new type of mixer circuit called the

Tayloe Product Detector [1]. It is also known as the Quadrature Sampling Detector and is
in use in several amateur radio receivers. A similar concept has been described by van Graas
almost a decade earlier [2] and by Japanese radio amateurs [3]. In lack of a better name the

circuit will be called the Tayloe Mixer in this report.

The circuit topology is much alike a sampling mixer, but is reported to have a much lower
noise figure while having low conversion gain. Because it is a passive mixer, the linearity is
expected to be high. In professional literature no references to this design have been found,
Leung for example only describes the switching and sampling mixer [7]. Pekau and Haslett
seem to have the same circuit topology but report a noise figure that is 20 dB higher [].
Jakonis and Svensson also describe a sampling mixer with a noise figure 20 dB higher then the
Tayloe Mixer is claimed to have [5].

So the question arises in what respect the Tayloe Mixer is different from the switching and
sampling mixer, and what its exact properties are. Tayloe gives an approximate calculation
of the conversion gain of the Tayloe Mixer [I], but provides no solid mathematical model in
the time domain nor in the frequency domain. Therefore, the goal of this Master Thesis is
to investigate the precise properties of this mixer and to compare its performance with better
known mixer circuits. Also the feasibility of designing a RF receiver front end in 65 nm CMOS
using this mixer are explored.

Chapter 2 first gives an overview and simple time domain example of the three mixer types,
single balanced circuits as well as double balanced circuits. Then in chapter 3 the mathematical
tools for analyzing mixers called Linear Periodically Time Variant theory is described. Using
this theory the mixer types are analyzed in chapter 4, resulting in periodic transfer functions.
Then in chapter 5 these transfer functions are examined further and the relationship between
the three mixer types is explored. In chapter 6 the design and simulation of a RF receiver
front end using the Tayloe mixer are discussed. Finally, chapter 7 provides the conclusions and
chapter 8 gives some recommendations for further research.
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Chapter

Mixer Overview

This chapter gives an overview of the two main passive mixer types used in current designs, as
well as the new Tayloe mixer. The functioning of each mixer type is illustrated with a simple
example in the time-domain.

2.1 Switching Mixer

The switching mixer is the simplest implementation for a mixer. The input signal is multiplied
by a 50% duty cycle block wave, thus performing the mixing operation.

2.1.1 Single balanced

The single balanced switching mixer multiplies the input signal with a binary 50 percent block
wave having frequency fs to obtain frequency translation, see figure 2.1. Two switches alter-
nately connect the RC load to the signal and to ground. It is assumed in this simple overview
that the cutoff frequency of the RC filter is very high.

51 R Ts
_4-"'-'" | | ?
S1 A — closed
\ + open
+ cC=—V
Vi S2 out -
|n-(:) } 52 closed
L open
Ts
~ 2

Figure 2.1: Single balanced switching mixer

When a sinusoid with a frequency equal to the clock frequency fs is applied to the input and
the switching is in phase so that the maximum conversion gain is achieved, the waveforms are
approximated by (figure 2.2):
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Vin(t) = sin(27 fst) (2.1)
sin(2rfst) 0<t< L
Vout () = . (2.2)
0 5 <t <Ts
1.5 1
1.04 1.04
.54 = 54
2 o =Rt
= =
-.54 -.54
1.04 1.04
-1.5 T T T T T T
1] 2.0 4.0 6.0 8.0 1] 2.0 4.0 6.0 6.0
time (hs1 time (hs)
1.2 12
1.0 1.0+
= 75 = 75
e A
25 25+
0.0 S R R D L L B o L
1] 2.0 4.0 6.0 8.0 1] 20 4.0 6.0 8.0
time (hs) time (hs)

Figure 2.2: Single balanced sample waveform

Conversion gain is calculated roughly by assuming that half of the waveform is clipped away:
. 1

— sin( —t — = -99dB (2.3)
s

The noise figure is 6.9 dB, of which 3 dB is contributed by the noise in the image band (single
sideband noise).

2.1.2 Double balanced

Double balancing the switching mixer results in the circuit shown in figure 2.3. Because the
input signal is double balanced now it can be easily multiplied by -1 through switching the
input wires. So during half the time the switching mixer follows the input signal and during
the other half it follows the negated input signal.

When a sinusoid with a frequency equal to the clock frequency fs is applied to the input and
the switching is in phase so that the maximum conversion gain is achieved, the waveforms are
approximated by (figure 2.4):

Vin(t) = sin(27 fst) (2.4)
sin (2w fst O0<t< L
Voualt) = { TS0 0 <8< (25)
—sin(2mfst) T <t <Tj
Conversion gain is calculated roughly as:
1 (% o T o 2
A, = Ts(/o sm(Ts t)dt + /TS —Sm(it)dt) =_= —3.9dB (2.6)

2
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R 5
S1 2 2
+—
o~ — closed
+ | open
V. + 52 20— VDUt closed
in :) i 32 | | | | | | | |
2 . I open
+ | [ closed
W, Qy sS4 4;
in 53 | | | | | | | |
T :) BV +V | open
B R 2C:: out
AT closed
S2 2 - sS4 | | | | | | | |
—_— | open
| S +—
Ts
2
Figure 2.3: Double balanced switching mixer
15 15
1.04 1.04
5 s 5
2 S o]
= £
-5 -.54
1.04 1.04
-1.5 T T T T T T
1} 2.0 4.0 6.0 8.0 0 2.0 4.0 6.0 8.0
time (hs) time (hs)
1.25 1.25
1.0 1.04
Z 75 Z 75
& &
= 3 FOE
ML ' and
0.0 e L R R Sy At i A R 0.0+ MESIES (Y R At A . M Sy SANA [Ny I M Sy
0 20 40 £.0 8.0 0 20 40 £.0 8.0
time (hs) time (hs)

Figure 2.4: Double balanced sample waveform
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2.2. SAMPLING MIXER Master Thesis

Which is an improvement of 6 dB. The noise figure is also improved to 3.9dB, which is close
to the limit of 3 dB.

2.2 Sampling Mixer

In a sampling mixer, a capacitor tracks and holds the input signal. The duty cycle can be very
low, resulting in a low conversion loss.

2.2.1 Single balanced

The single balanced sampling mixer is shown in figure 2.5. When the switch is closed, the
capacitor tracks the input signal. When the switch opens, the instantaneous input voltage is
hold on the capacitor not unlike a sample and hold. In this example a duty cycle of 10 percent
is used.

closed
Vin+() C == Vout 51‘ N[ T |'|ope"

Figure 2.5: Single balanced sampling mixer

When a sinusoid with a frequency equal to the clock frequency fs is applied to the input and
the switching is in phase so that the maximum conversion gain is achieved, the waveforms are
approximated by (figure 2.6):

Vin(t) = cos(2m fst) (2.7)
cos(2rfst) 0<t< Ls
cos(2mqg) 15 <t <Ts

Conversion gain is calculated roughly as the average of the voltage on the capacitor:

Ts

10 2 T 21 T
(/  cos(2T byt + 2 cos(2T Ly o 1 7aB (2.9)
0

A, = =22
¢ T, 10 T, 10

1
T

Which is higher then the switching mixer by several dB. By raising the duty cycle further,
lower conversion losses can be achieved. When the duty cycle is almost 0 % the circuit becomes
a pure sampler with zero-order-hold. The noise figure of the sampling mixer is infinite because
of the sampling nature of the capacitor hold. When the switch opens a sample is taken from
the instantaneous input voltage, which in the frequency domain can be interpreted as aliasing.

Tayloe Product Detector 6
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1.25

Win )

1.uj_

75

Wout (W)
in
1

257

D:
o

20

T T
4.0 6.0
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T
4.0
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6.0

= 754
&5

.25+

L o e LS S e
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1.25

10
= 75
w 5

.25

0

Figure 2.6: Single balanced sample waveform

2.2.2 Double balanced

The double balanced sampling mixer is very similar to the single balanced one, see figure 2.7.
The input is tracked twice (during the second track the input is negated) and the hold time is

halved.

s1
ey
+
3 S3 2¢c = Vout
)% -2
2¢c == Yout
s2 :

closed
St -l ﬂ ﬂ ”—open
closed
s2 ﬂ ﬂ H—open
closed
S3 ﬂ ﬂ n open
1 1
S |

Figure 2.7: Double balanced sampling mixer

When a sinusoid with a frequency equal to the clock frequency fs is applied to the input and
the switching is in phase so that the maximum conversion gain is achieved, the waveforms are
approximated by (figure 2.8):

Vin(t) = cos(

27 fst)

cos(2m fst)

Vout (t) -

cos(27r%)

—cos(2m fst)
—008(271'%)

Conversion gain is calculated roughly as:

(2.10)
T,
0<t< 10
Ts Ts
o= b 2 (2.11)
7 <t<7g
67,
L <t < Ty

Tayloe Product Detector



2.3. TAYLOE MIXER Master Thesis

1 1.2fj

1.04 104

= 752
3 . = 55
ERE T
s 5 5

= 1

o 257

1.04 ui

1: T T T _-2r| T T T

0 2.0 40 6.0 8.0 0 2.0 4.0 6.0 5.0

1.25 1.25
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3 =
< 754 =75
BRI R
e s
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Figure 2.8: Double balanced sample waveform

Ts

1 10 2 4T 21 T
A, =— —t)dt —_—— 2.12
¢ Ts(/o cos( Dt + Jgreos(Z1p) (2.12)
6T
10 2w 47T 21 67T
— —t)dt — . — ~ —1.6dB 2.13
+/5TS COS(TS ) 10 cos(TS 10 ) (2.13)

10

Which is almost the same as the single balanced sampling mixer. Again, the noise figure is
infinite due to the sampling nature. So double balancing the sampling mixer has almost no
effect on performance. Setting the duty cycle to almost 0%, a pure double balanced sampler
with zero-order-hold is aquired with 0 dB conversion loss and infinite noise figure.

2.3 Tayloe Mixer

A special form of the sampling mixer with 25% duty cycle was patented by Dan Tayloe [1].
This mixer type is not referenced in professional literature but is known among radio amateurs.

2.3.1 Single balanced

The Tayloe mixer is actually an extension of the idea of a sampling mixer. In a sampling mixer
the input signal is tracked and hold on a capacitor. This idea is extended by adding an extra
resistor to limit the bandwidth of the mixer, see figure 2.9. The RC filter now averages the
input signal when the switch is on.

In this example, a sinusoid with a frequency equal to the clock frequency fs is applied to
the input and the switching is in phase as to achieve maximum conversion gain. In the time
domain, the mixer is seen to average the samples taken when the switch is closed (figure 2.10).

Conversion gain is calculated roughly as:

S

Ts
4 [ 2

Tayloe Product Detector 8
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51
Tg
R + 4
closed
" + C — Vout $1 |_| |_| |_|
in ‘ open
Figure 2.9: Single balanced tayloe mixer
1.5 1
l.Ui 1.04
5 s .5
s S o
= 2
-G -.54
-1.0 1.04
_l-rl T T T T T T
1} 2.0 4.0 6.0 8.0 1} 2.0 4.0 6.0 8.0
1.2 | 1.2 |
1.0 1.0
Z 75— = 754
o5 o 5
25— 25—
L A v VU P U Sy i iUy L L SRR R
1} 2.0 4.0 6.0 8.0 1} 2.0 4.0 6.0 8.0
time (ns) time (ns)

Figure 2.10: Single balanced sample waveform

Tayloe Product Detector 9



2.3. TAYLOE MIXER Master Thesis

In the time-domain, it is hard to generate a closed form expression for the response of the
Tayloe mixer. When the switch closes the response is depended of the voltage on the capacitor,
put there the previous time the switch was closed. Therefore, previous voltages on the capacitor
influence the response of the circuit, resulting in a memory-like effect. No efforts have been
made to solve this behavior in the time-domain. In the frequency-domain there is a closed form
expression possible, as is proved in the next chapter.

2.3.2 Double balanced

As with the sampling mixer, the double balanced Tayloe mixer is very similar to the single
balanced one. Figure 2.11 shows the double balanced circuit.

Ts

R . closed
> . , y $1 —l |_| | open
' — TTEF =0 ey
o AR Y
2 - 20— \ﬂ closed
R Eg_’ - S4 |_| |_| rL open

2 T

T

Figure 2.11: Double balanced tayloe mixer

In this example, a sinusoid with a frequency equal to the clock frequency fs is applied to the
input and the switching is in phase as to achieve maximum conversion gain (figure 2.12).

1.5 1
1.0; 1.0
5 .54
= =
= 0 = 05
= =
-5 -5
-1.0 1.0
-1.59 T T T T T T
1] 2.0 4.0 6.0 8.0 1] 20 4.0 6.0 8.0
time ins) time ins)
1.25 1.2
1.0J s 1.0
o 75 3 75
= 5- o 5+
25— 25+
[ e i i i A e e A o4
1] 2.0 4.0 6.0 8.0 1] 20 4.0 6.0 8.0
time (ns) time (ns)

Figure 2.12: Double balanced sample waveform

Tayloe Product Detector 10
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Conversion gain is calculated roughly as:

T
4 [ 2
A, = T /_% cos(it)dt ~ —0.9dB (2.15)

Again, a time-domain description of the double balanced mixer is difficult to generate. There-
fore it will be analyzed in the frequency domain.

2.4 Frequency Converter Model

The three mixers discussed so far can be derived from a more general circuit topology, named
the frequency converter model. The properties of this model are determined by two parameters:
the duty cycle and the bandwidth.

2.4.1 Single Balanced

The circuits of the single balanced sampling mixer in figure 2.5 and the single balanced Tayloe
mixer in figure 2.9 are very similar in circuit topology but differ in the circuit parameters. The
frequency converter model in figure 2.13 can be transformed into these two mixers by setting
the duty cycle pg and the bandwidth f,.. = ﬁ.

51
L~
I]'ﬂ
R + h —
closed
+ p— 31
1\"'!Iir'l ¢ ) Vout |_| |_| |_| open

Figure 2.13: Single balanced frequency converter model

When a frequency domain description is found for this model, the expressions for the single
balanced sampling and Tayloe mixer can be derived by setting the right parameters.

2.4.2 Double Balanced

The circuits of the double balanced switching mixer in figure 2.3, the double balanced sampling
mixer in figure 2.7 and the double balanced Tayloe mixer in figure 2.11 are very similar in circuit
topology but differ in the circuit parameters. The frequency converter model in Figure 2.14
can be transformed into these three mixers by setting the duty cycle pg and the bandwidth

_ 1
frc ~ 2wRC”

When a frequency domain description is found for this model, the expressions for the double
balanced switching, sampling and Tayloe mixer can be derived by setting the right parameters.

Tayloe Product Detector 11
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S1 Py
R . - —| | closed
2 + 1 open
S3 4V
2C —— Vout
AYA + —_ closed
in . s2
o 2 0,
v T sS4 | closed
_in o~ + S3 | | |_| |_| |_|:|_ open
2 2= \ﬂ closed
S2 . 2
5 - S4 |_| |_| n open
2 +—+

Py

Figure 2.14: Double balanced frequency converter model

2.5 Summary

The switching mixer is always designed with 50 % duty cycle , resulting in a conversion loss of
3.9dB and Noise Figure of 3.9dB. The sampling mixer has a freely defined duty cycle and can
achieve much lower conversion losses, up to the point where it becomes a real sampler and the
conversion loss is 0dB. However, its sampler like nature introduces an infinite Noise Figure.
The Tayloe Mixer is alike a sampling mixer with 25% duty cycle, but suppresses the noise
folding by introducing an RC filter with cutoff frequency lower then the sampling frequency,
resulting in a conversion loss of 0.9dB and a finite Noise Figure of 3.9dB.

All mixers discussed except the single balanced switching mixer are generalizations of the
frequency converter model defined in section 2.4. Any analysis done for the frequency converter
model can be converted to the mixer types by setting the duty cycle and bandwidth parameters.
The time domain simulation is not suitable for providing specific information about conversion
loss and Noise Figure, so a frequency domain approach is needed to determine which mixer
gives the best performance.

Tayloe Product Detector 12



Chapter

Linear Periodically Time Variant Systems

For the frequency-domain analysis of frequency translating circuits (like mixers) it is insufficient
to use Linear Time Invariant system theory. The LTI system theory has been extended for
periodically time-variant systems, which are systems with a finite number of periodically cy-
cling linear time-invariant responses. This chapter describes Linear Periodically Time Variant
(LPTV) theory and a method for calculating the LPTV response for switching circuits.

3.1 The periodic transfer function

The most commonly used type of circuit in Electrical Engineering is the Linear Time Invariant
or LTI system. The theory behind such circuits is well understood en can be intuitively used
to analyze and design LTI circuits. A different set of circuits can be described as a Linear
Periodically Time Variant or LPTV circuit. Again the circuit is linear, but its response changes
periodically in time. This means that its impulse response is repetitive with a certain period
Ts. Examples of LPTV circuits are usually build out of LTI elements and periodically operated
switches.

Leung gives a quick introduction in the basics of LPTV systems [7]. In a LPTV system the
impulse response is dependent on the time the impulse stimulus is presented to the circuit.
Called the periodic impulse response, it is denoted with g(v,u) and is dependent on the two
time variables v and w. v is the time the impulse stimulus is presented to the input of the
system (also called the launch time) and w is the time elapsed after the impulse stimulus. In a
LPTV system, g(v,u) is periodic in v with period Ts. Therefore, the periodic impulse response
can be represented as a Fourier series with periodic frequency fs = %

B

1

T, ‘
gn(v) = T/o g(v,u)e 32 sugy (3.1)

From the convolution of input and impulse response, we can derive the frequency reponse of
the LPTV system as :

Y(.fo) = Z Hn(fo)U(fo - nfs) (3'2)
Hn(fo) = /OO gn(0)e> ™V dv (3.3)

13



3.2. STROM AND SIGNELL THEORY Master Thesis

This periodic transfer function can also be written in term of the input frequency f; =
fo — nfs, resulting in the reciprocal:

[e.o]

Y(fo)= > Hulfi+nf)U(f:) (3.4)

n=—oo

The output spectra of the LPTV system is constructed from an infinite number of shifted
input spectra multiplied by their specific transfer function. The transfer function is now two-
dimensional in n: the harmonic index and f,: the output frequency. By controlling the transfer
function in the n dimensionality, it is possible to control the amount of spectrum that is folded
back. This folding property proves useful for mixer circuits, which are supposed to do a
frequency translation. In most practical systems, it is necessary to limit the transfer function
in the n dimension, as to limit the number of spectra folded back into the output. Therefore
H,, should be designed to asymptotically go to zero for larger n.

3.2 Strom and Signell theory

For some specific problems the periodic transfer function can be found using Fourier frequency
analysis and transforming the result to the form of equation 3.3. The switching and sampling
mixer can be analyzed using this method, but the Tayloe Mixer and frequency converter model
cannot. A more general methodology for solving LPTV systems is given in the work of Strom
and Signell [6]. Their method is used to obtain a closed form expression for the frequency
converter model.

In the time intervals between switching moments, an LPTV system has a defined LTI re-
sponse, which is only valid in the switching interval. The switching interval is referred to as one
of the periodic phases of the LPTV system. Strom and Signell describe a method for expanding
the LTI description until it is valid for the complete time. Then each periodic phase can be
processed with LTI techniques and the summation of all states forms the overall response.

The periodic phase nTs; < t < nTs + Ts can be divided into D portions (or states), each
portion having an LTI response. The k-th state is then referred to as the time period nTs+1t; <
t < nls+tgyq for k =0,..,D — 1. The duty cycle of each state interval is then defined as
P = % for Kk =0,..,D — 1. Each k-th state then has a valid LTI state space description
within the interval:

—x(t) = Apay(t) + Bru(t)

dt (3.5)

This LTI description is only valid within nTs + ¢, < t < nTs + tx4+1, so to be able to use
Fourier analysis the differential equation has to be made valid in the interval —co < t < co. In
order to keep the states separated, the output of each state must only be non-zero inside its
interval. Therefore the functions yi(t) and ug(t) are defined, which are equal to y(¢) and wu(t)
inside the k-th interval, and equal to zero outside the k-th interval:

Tayloe Product Detector 14



CHAPTER 3. LINEAR PERIODICALLY TIME VARIANT SYSTEMS Master Thesis

where dy,4) 1, is the indicator function which is 1 inside the k-th interval and 0 outside the k-th
interval. The indicator function for a state is shown in figure 3.1. The indicator function can
be expressed in a Fourier series and has the discrete spectrum:

0 —j2mnfitk _ g—i2mnfitii

S a(f) = D po— O(f = nf) (38)

n=—oo

ATHO nT+2
nT+1

Figure 3.1: Indicator function for D = 3 and k = 2

In order to comply to equation 3.7, the LTI differential equation for the k-th state has to be
modified to:

%xk(t) = Ak:lik(t) + Bkuk(t)-i-
> wr)6(t — nTe — ti) — wR(E)6(t — nT — trya)
— (3.9)
= Ay (t) + Brug(t)+
D we(nTy + t)d(t — nTy — ty) — wp(nTs + teg1)0(t — nTy — tryr)
yr(t) = Crog(t) (3.10)

Inspection reveals that at the beginning of the state interval the initial value of the state is
injected using a delta pulse, while at the end of the state interval the final value of the state is
subtracted using a delta pulse. Together with the replacement of w(t) with wuy(t) this ensures
that xx(t) is zero outside nTs + tp_1 < t < nTs + t; and equal to x(¢) inside the interval. The
total response of the system is now the sum of the D states:

D—-1
y(t) = > uk(t) (3.11)
k=0

The discrete values of xj (initial and final values of the interval) can be solved using the
D-dimensional difference equation with a sinusoid as input:

(T + tmi1) — Linzp(nT's + ) = Mye 92 i =0,...D -1 (3.12)

where the expressions L,, and M, are determined by the Laplace equation of the m-th LTI
response. The solution can be calculated using the Z-transform and has the form:

xp(nTs + ty) = Gm(fi)e_ﬂ”fi”TS,m =0,.,D—-1 (3.13)

Note that this solution for zj is only valid on the switching instances and G,,(f;) is cyclic:

Go(fi) = Gpae?*mIiTs.
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3.2. STROM AND SIGNELL THEORY Master Thesis

By inserting equation 3.13 into equation 3.10 and taking the Fourier transform of the result,
the following expression is obtained:

> —j2mnfsty_1 _ ,—j2mnfsti
Xi(Fo) (127 fol = A) = 3 [BeU(f0)) % (3(fo — )" e
S , 3.14
FCur (U (F0) #0(f, — nfo) - fue 2550 .
- (Gk(fO)U(fO)) * 5(fo - nfs) ) fse_ﬂﬂfotkﬂ]

D
Y(fo) = CeXp(fo) (3.15)

k=1

By evaluating the delta functions, this reduces to:
& —j2mnfsti—1 _ ,—j2mnfsty
Xi(fo) = D7 (G2nfol = An) ' [By- e

T (3.16)

+ FsGr1(fo — nfs)e 72 Jomnfo)ty g=s2mnfsty
_ fSGk(fO _ nfs)eijW(fo*nfs)tk«kle*j27l'nfstk+l]U(fo . nfs)

And by making notice that e 72 fstet1 = =32mnfstke=32mPk 5 common phase factor is split
off:

e}

Xi(fo) = Y e PPmht(jonfl — Ay) "' By,

n=—0oo

1— e—j?ﬂ'n}’)k
Jj2mn (3.17)
+ fSGk(fi)e—jzﬁfitk _ fSGk_H(fi)e—ﬂ”fitkﬂe—j%mpk] U(f, — nfs)

The calculation of the frequency response of a LPTV system involves the following steps:

e Define D states with proper LTI differential equations
e Find the Laplace transform of each LTI differential equation

e Solve the D dimensional difference equation to obtain the initial and final values for each
state

e Solve the LTI frequency response for each LTI differential equation
e Evaluate and simplify equation 3.17 for each state

e Sum the responses from all states into:

(3.18)

Figure 3.2: LPTV analysis
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CHAPTER 3. LINEAR PERIODICALLY TIME VARIANT SYSTEMS Master Thesis

3.3 Properties of the periodic transfer function

3.3.1 Symmetry

A fundamental property of the periodic transfer function defined in equation 3.3 is the symmetry
in the f = nfs line:

a property proved in [6]. This is closely related to the symmetry property of an LTI system
which ensure that the complex spectra represent real signals:

H(f) = H"(=f) (3.20)

3.3.2 Conversion Gain and Noise Figure

When a mixer is build from a LPTV system, the goal is to translate a single piece of spectrum
once through the frequency spectrum without additional components. Since the frequency
response of the LPTV system is given by:

Y(fo) = Z Hn(fo)U(fo - nfs) (3'21)
Y(fo) = Z Hn(fz + nfs)U(fz) (3'22)

the most interesting frequency translation point is with n = +1. So, in an ideal situation the
transfer function would be zero for all n # —1 and unity for n = —1. Because this will not be
the case several figures exist to access the performance.

The gain of the input signal to the baseband is noted as the Conversion Gain and is simply
H_1(f; — fs)- In general, the conversion gain is frequency dependent. Because the transfer
function for n # —1 is in general not equal to zero, noise in frequency bands outside the signal
bandwidth are also translated to the baseband. This noise-folding deteriorates the output
signal-to-noise ratio (SNR), even if the mixer components are considered noise free. The figure-
of-merit for noise performance is expressed as the noise factor:

o SN Rin o Pin, Nout
B SNRout B Nm POut

F (3.23)

Where Py, is the power of the input signal at the input, P,,; is the power of the input signal
at the output, N, is the noise power at the input and N,,; is the noise power at the output.
For a single-sideband signal the conversion power gain is given by:

Pout = |H71(fo)|2 -Pm (324>

In the ideal case when the circuit components do not contribute extra noise, the only con-
tribution to the output noise is the input noise folded by each harmonic transfer function:

[e.e] o

Nout: Z |Hn(fo)‘2Nzn: Z |Hn(fz+nfs)|2Nz (325)

n=—oo n=—oo
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3.3. PROPERTIES OF THE PERIODIC TRANSFER FUNCTION Master Thesis

Inserting equation 3.24 and 3.25 into the noise factor equation 3.23:

Pl o \H,\(f0)I? N
"~ Nio  |Hoi(fo)* P

o Zzoz—oo,odd |Hn(fo)|2

o HA()P

(3.26)

(3.27)

For convenience the noise factor is converted to decibels and is called the single-sided noise
figure:
NF(dB) = 10log(F) (3.28)

So the periodic transfer function must asymptotically go to zero as n goes to infinity to
obtain a finite noise figure.
3.3.3 Time shift

The periodic transfer functions for an LPTV system is given by:

e}

Y(fo)= Y Hulf)U(f) (3.29)

n=—0oo

Performing a time shift ¢; on input and output:

V(e = S H (U (e (3.30)
Y(fo) = fj H,(f;)e?*m 10U (f;) (3.31)
=S Ha(f)eT () (332

So shifting the clock timing to ¢ results in a factor e/2™fstk in the periodic transfer func-
tion. This factor is present in equation 3.17, but in it there is another term dependent on t:
Gr(f;)e=72mfit . This can only mean that G(f;) is of the form:

Gr(fi) = Gy(fi)e?*m (3.33)
In the Gg(f;) expressions derived in appendix B this is indeed the case.

3.3.4 Even-order Harmonic Cancellation

Equation 3.32 shows that a time shift of t;, in the clock signals results in the term e=72™"fst in
the periodic transfer function. Now imagine taking two identical LPTV systems with different
phase timing, let’s say that the first system starts at top 4 and the second system starts at tg p.
If the zero phase delay transfer function of a system is equal to H, o then their respective
transfer functions are:

H, 4 = e 2mlstoaq (3.34)
Hyp = e d2mlstos g, (3.35)
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CHAPTER 3. LINEAR PERIODICALLY TIME VARIANT SYSTEMS Master Thesis

Now let to g = to,a + %Ts which resembles a timing difference of 180 degrees and subtract the
outputs of the two systems, then the total transfer function becomes:

H, = e~92mlstoa(] _ g=i2m3nypy o (3.36)

By inspection, (1 — 67]2”%”) is zero for even n and double unity for uneven n. This means
that all even harmonics are cancelled. In a mixer where even harmonics are unwanted, such a
mechanism is very useful. Furthermore, by combining LPTV systems in different ways more
harmonic cancellation can be achieved at the cost of greater circuit complexity.

3.3.5 IQ Image Rejection

For image rejection, many receivers use a Weaver architecture as shown in figure 3.3. In this
architecture, the input signal is mixed by two LO signals differing 90 degrees in phase. The
mixed signals are referred to as Inphase (I) and Quadrature (Q) channels. By combining I and
Q signal again the image can be completely canceled.

SO pE

o

90
it — d—
bp —— sinf2 pifct) X(t)

1]
& xa®L T a0

Figure 3.3: Weaver architecture

To analyze the conventional weaver architecture, let’s consider a single frequency from a
bandpass signal. The analysis can be made in the time or in the frequency domain, but
a frequency analysis is more useful since for the LPTV systems only a transfer function is
available. The bandpass sinusoid is given by:

wip(f) = GO~ fo = Fi)+ 5C O + fot ) (3.37)

where f; is the sinusoid equivalent baseband frequency and C(f;) is the equivalent baseband
spectrum of the signal. Working out the multiplication with the cosine and low pass filter the
result gives:

wilt) = (1) * 5 (50F — £2) + 8(F + fe) (3.39)
= CUNIT = f1)+ 7O (RS + 26+ 1)

FLOURS 2~ ) + O (RS(F + 1) (3.39)

(1) =5 OB — F) + 1O (R)S(F + ) (3.40)
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3.3. PROPERTIES OF THE PERIODIC TRANSFER FUNCTION Master Thesis

In similar fashion, the quadrature component is found my multiplying the signal by the sine
and low pass filter the result:

£i(t) = (1) * ;jw L) = 8(f + fe)) (3.41)
. 41j0(f1)5(f . 41].0*<f1>6<f Loft f)

+ 41].C(f1)5(f Cof )+ jjc*<f1>a<f LA (3.42)

it) = jjcul)a(f S jjc*m)a(f LA (3.43)

To obtain the baseband spectrum the I and Q signal are combined:
x(t) = i(t) — jq(t) (3.44)
1
= §C(f1)5(f - f1) (3.45)

The same principles can be applied to the LPTV system, regarding the frequency response
for n = 1 and n = —1 since these translate the bandpass signal to baseband. From equation
3.32 it was proved that an LPTV system can always be written in the form:

o0

Y(f)= > e hom, (HU(f —nf.) (3.46)

n=—oo

Lets consider two identical LPTV systems with different ¢y3. The first, labeled I, has tg; = 0
while the second, labeled Q, has tg g = %Ts = ﬁ. The net effect is that circuit Q lags a quarter
sample period behind circuit I. If the same signal is taken as in equation 3.37, the output of
circuit I is calculated to be:

Yi(f) = Y. Ha(HU(f —nfs) (3.47)
=S (OGNS —2fe = 1) + C* (W) + 1)

SN ~ £)+ CUHADS(F+ 20+ )] (3.48)

1) =5 [CUVHA(F)S ~ f1) + O H(A( + )] (3.9

And similarly for the output of circuit Q:

o0

Yilf)= Y. e ™I, (NU(f — nf) (3.50)
=2 OIS — 2~ 1) + C () HUDS + )

5 COHANN — fi)+ CGOHANS + 20+ £ (351)

QU =5 EC (NI + 1)+ 5> SO HA(NA ~ 1) (352)

ioxl ol . .
Because e /2" = % and /?™1 = 71 this equation reduces to:

QUf) = 213 C*(FES + f1) — CUNH-A(£S(F — )] (3.53)
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CHAPTER 3. LINEAR PERIODICALLY TIME VARIANT SYSTEMS Master Thesis

The combination of circuit I and Q then results in:

Y(f)=I(f) —iQ(f) (3.54)
=C(fi)H-1(f)o(f — f1) (3.55)

Therefore, when an LPTV circuit is used for quadrature image rejection can be performed
by having two identical LPTYV circuits with a quarter sampling period lag between the state
intervals.

3.4 Summary

A linear periodically time variant system folds the input spectrum multiple times with each
harmonic having its own transfer function. For each harmonic n the output frequency f, of a
sinusoid with input frequency f; is defined as f, = f; + nfs, where f; is the periodic switching
frequency. In the frequency domain the output spectrum is obtained through:

o0

Y(fo)= > Hulfo)U(fo—nfs) (3.56)

n=—oo

With Strom and Signell theory the periodic transfer function H,(f,) can be calculated by
defining a finite number of states with valid Linear Time Invariant descriptions and summing
the modified expressions according to box 3.2.

For frequency translation (mixer) the most interesting harmonic is n = 1. Since Hy(f,) is
symmetric around n = 0, the conversion gain can be defined either as the magnitude of H,,—1
or H,—_1. From H,(f,) the Noise Figure can be easily determined by evaluating:

oo [Hn(£o)[*

NF(dB) = 10log( HA ()

) (3.57)

It was also derived that all even harmonic transfer functions (n = even) can be made zero
by summing the outputs of two identical LPTV systems, with the second having a switching
pattern that lags % behind the first. Also, IQ image rejection is possible by duplicating the
LPTYV system again and applying a % delay in the switching pattern.
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Chapter

Mixer Analysis

In this Chapter the switching mixer, sampling mixer and frequency converter model are an-
alyzed using the Linear Periodically Time Variant theory presented in the previous chapter.

The derivations result in the periodic transfer function for each mixer type.

4.1 Switching Mixer

4.1.1 Single Balanced

The signal representation of the single balanced switching mixer is shown in figure 4.1.

St
1
274 Ts
U Zit) Yit) L
e AT

Figure 4.1: Single balanced switching mixer signal representation

The time domain description of the circuit is given by:

> t—t 1
2(t) =u(t) Y rect(2——— —2n— 5)
n=—oo s
> t—to—nTs — 1T,
= u(t t 4
(t) _Z rect( 7 )
n=-—oo

— ’U,(t) i ESinC(}n)ejQﬂnfS(t_tO_%TS)

paragraph After transformation to the frequency domain:

23

(4.1)

(4.2)

(4.3)



4.1. SWITCHING MIXER Master Thesis

o0

Z(fO) - U(fz) * Z %sinc(%n)(s(fo - nfs)e_jQanstoe—jQWin (44)
= 3 e ine(gm)e T, ) (4.5)
Y (fo) = Z e J2 t lsinC(ln)e—J%an(fo —nfs) (4.6)

n=—oo

L+jfe 2772

The resulting periodic transfer function is given in figure 4.2.

—j2mnfsto 1 1 .
H(fo) = 5 5sine(gn)e 773" (4.7)
1+ ]ﬁ
—j2mnfsto 1— —j27r%n
= 61 - je27rn (4.8)
+ jﬁ

Note that H,(f,) is decreasing with increasing n, resulting in a finite Noise Figure.

Figure 4.2: Switching Mixer Single Balanced H,

4.1.2 Double Balanced

The signal representation of the double balanced switching mixer is shown in figure 4.3. The
two branches each multiply the input signal with a 50% duty cycle blockwave and are then
added together.

Figure 4.3: Double balanced switching mixer signal representation

The time domain description of the circuit is given by:
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o)

t—1t 1 t—1t 1
2(t) =u(t) Y rect(2 - 0 _op— 5) —ult) > rect(2 . 0 _op— 13) (4.9)
n=-—00 s n=-—o00 §
> t —to —nTs — iT. t—to—nTs — 3T,
=ut) [rect( 0 o A7) rect(—2 ;TS 47°%) (4.10)
n=—oo 2+S8 2+S
= [1 IR . 1 I 5
= u(t) Z [2sinc(2n)e]2”"fs(tt°4TS) — 2sin(:(Qn)eﬂ’mfs(tto4TS)} (4.11)
n=-—00
After transformation to the frequency domain:
= [1 1 : o1
20 =V s 3 |geinc(gols, — nf)e erstoesimin
n=-00 (4.12)
1 1 . .
§sinc(§n)5(fo — nfs)e_ﬂ”"fstoe_ﬂ”z"}
oo
: 1 1 . 1 1 »
= Z e~ J2mn/sto {2sinc(2n)6_32”}1” — 2sinc(2n)e_ﬂ”i"] U(fo—nfs) (4.13)
n=—00
° ) o 1.1 1 o 1
= > [eﬂmfstou - 632“2")2sinc(2n)ej27r4n] U(fo—nfs) (4.14)
n=-—o00
o —j2mnfsto ) 1 1 )
Y(f)= Y | (1= e M) gsine(gm)e 270 | U(f, =) (4.15)
n=-—00 L+ fre
The resulting periodic transfer function is given in figure 4.4.
e~i2mnisto ol 1 1 ol
H,(f,) = ———(1 — e 722" _ginc(=n)e 2™1" (4.16)
y fo
LR 22
—j2mnfst ) __—jonin
R i (4.17)
1+ ]{70 j2mn
Note that H,(f,) is decreasing with increasing n, resulting in a finite Noise Figure.

Figure 4.4: Switching Mixer Double Balanced H,

4.2 Sampling Mixer

4.2.1 Single Balanced

The signal representation of the sampling mixer is shown in figure 4.5. The upper branch is a
multiplication with a block wave, while the lower branch is a sampler followed by a hold filter.

The two branches will be analyzed separately and joined later.
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a4(t)
ug | ‘]’ ]’J Hm:;:_ G_j Yit)

FI;TS T

ZO0H

Figure 4.5: Single balanced sampling mixer signal representation

The time domain description of the upper branch is given by:

> t—ty n 1
a1(t) = u(t rect - == 4.18
() =) 3 e ) (@.15)
> t —to —nTs — spoT.
—u(t) Y veet(—0 s 20T (4.19)
Ne—o00 pOTs
o
= u(t) Z posine(pon)e? 2 s (= to—3p0T) (4.20)
n=-—o00

Transformation to the frequency domain gives:

Ai(fo) =U(f;) * Z posinc(pgn)e*ﬂ’mfstoe*jQ’T%pO”é(fo —nfs) (4.21)
Z e*jszstopgsinc(pon)eiﬂﬂ%pOnU(fo —nfs) (4.22)

The time domain description of the lower branch is given by:

t— %plTs

i ) (4.23)

* rect

= [u(t) Z 6(t —to — nTs — poTs)

n=—oo

Translation to the frequency domain gives:

fo

(fo — Z fs _ nfs) —j27mfst0€—j27rpon p1T SlnC(p1; ) —J2W2P1 (4.24>
n=—00 8
e . f fo .
- Z 6‘]27rnfstop SlIlC(p1f ) 327F2p1f —JQWPOnU(fO _ nfs) (425)
s
n=—00
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Resulting in a total response of:

Y(fo) = Ar(fo) + A2(fo) (4.26)
%) _
. . . fo .
= Z e~i2mnsto pgsinc(pon)e*ﬂ”%pon —|—plsinc(pl&)eﬂ%%plfise*ﬂ”po” U(fo —nfs)
n=-—00 - §

(4.27)

o0 P _1 . €—j27rpon 1— 6—j27FP1% o
_ —j2mnfato —i2mpon | 7(f. _ 4.28
> e T s P (fo—nf.) (4.28)

n=—oo

L fs

The resulting periodic transfer function is given in figure 4.6.

Jo

—jom —Jj2mp1 2

H,(f,) = e—J2mnfsto 1 - ‘? ot + 1—e s e—J2mpon (4.29)

j2mn jQW&

fs

Or in sinc form:
H, _ —j2mnfsto ; —j2nion i fo 7]'2”?71& —J2mpon
n(fo) =€ posinc(pon)e 2" 4 plsmc(plf—)e ise (4.30)
S

Note that the second part of this equation has a magnitude that does not depend on n, resulting
in an infinite Noise Figure due to an infinite number of folding.

Figure 4.6: Sampling Mixer Single Balanced H,

4.2.2 Double Balanced

The signal representation of the sampling mixer is shown in figure 4.7. There are four periodic

phases: pg = p2, p1 = p3, po +p1 = %, P2+ p3 = % The analysis is similar to the single

balanced case.

> t—tog—nTs — %pOTs
a1(t) = u(t rect 4.31
1(t) ()nzzoo ( oo ) (4.31)
Ai(fo) = Z e_ﬂ’mfstoposinc(pon)e_ﬂ’r%po"U(fo —nfs) (4.32)

= t— lplj;
as(t) = |u(t 5(t —tg — nTs — poTs) | * rect(—2—"2 4.33
2(6) = [ult) 3 dlt—to o) | 5 rect(—22=0) (133)
> . . fo .
Af)= 3 e‘”“’“”fstOplsincm}”“>e‘ﬂ”5mfse—ﬂ”p°”0<fo —nf)  (434)
> t—to—nTs — %pQTs
az(t) = —u(t rect 4.35
a(0) = —ult) 3 sect(—— I (4.35)
As(fo) = — 3 e d2mhtapysine(pyn)e T2 U (f, — nfs) (4.36)
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Master Thesis

C & - -
=1
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(o] T

I | =
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+ —t
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Figure 4.7: Double balanced sampling mixer signal representation

Because pg = po and t9 = tg + %TS this expression reduces to:

A3(fo) = —Ar(fo)e 723"

N t— §pall
as(t) = [—u(t) Z §(t —ty — nTy — poTy) | * rect(—2—"2)
n=—00 p3Ts
[ee] ) L ;
Aa(fo) = — Z e_j%nfstopgsinc(pg);O)e_ﬂ”ﬁ?’fze—j27fp2nU(fo —nfs)
n=—oo S

Because p; = p3 and t9 = tg + %TS this expression reduces to:
—ioxl
Ay(fo) = —Ag(fo)e 72"

Summing the four branches results in the total response:

Y(fo) = Al(fo) + AQ(fo) + A3(fo) + A4(fo)

o0
i _iopl ) ionl
= E e~I2mnisto(] _ g=i%mam) [posmc(pgn)e J2mapon g
n=—oo
fo

o 1 .
plsinc(pl ;‘7)6—]2”2]71 fse—ﬂwpon] U(fo o nfs)
s

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)
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> 1
— § : 6—]27rnfst0(1_€—327r5n)

n=—oo

1— e—j27rp0n 1— 6*127717178
jan jomde

The resulting periodic transfer function is given in figure 4.8.

Jo

—jom —j2mp1 2
Hn(fo) _ e—j27rnfsto(1 _ e—j27r%n) |:1 — e J4mpon n 1—e fs e—j27rpon:| (444)
j2mn jomde
Or in sinc form:
Hy(f,) = e 72mito(1 — e~72mim) [posinc@on)eﬂ”?“ + prsine(py {2)e 7 Bz
S
(4.45)

Note that the second part of this equation has a magnitude that does not depend on n, resulting
in an infinite Noise Figure due to an infinite number of folding.

Figure 4.8: Sampling Mixer Double Balanced H,

4.3 Frequency Converter Model

4.3.1 Single Balanced

To calculate the frequency response of the LPTV network, equation 3.17 has to be evaluated,
according to Strom and Signell [6]. In this case, D = 2 and the differential equations of the
two phases are:

(4.46)

Wour(t) _ T+t <t < (n+1)Ts+to

{dvgg(“ = Vot () + 7 Vin(t) Ty +to <t < Ty + 1
dt

Instead of the RC time, it is more constructive using the cutoff frequency of the filter, defined
as fre = ﬁ. The derivation and evaluation of equation 3.13 is given in Appendix B, resulting

in:
j2mpo I —2mpo e
e fs —e fs 1
G(fz) = i fi 2 fre y fz (447)
2T — o 2Py, 1+ Tro
Go(f:) = G(fi)e?*™Tito (4.48)
Gi(fi) = G(fi)el*m itz (4.49)
Ga(fi) = G(f;)el*™/i*2 (4.50)
(4.51)

The LTT response is easily calculated:
1

. . -1 _ _ 1 _ _2mfrc
phase() (]Qﬂ'fol Al) 127 fo+2T fre jffroc +1 (452)
By =27 fe
2 fol — Ag) ™1 = 1
phasel (727 o 2) g2mfo (4.53)
By =0
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Equation 3.17 is evaluated for phase 0:

1— efj271'npo

e.¢]
o)=Y e mlo(ionf, T — Ay)! [Bl P

+ fsGo(fi)eTPmHt0 — fsel<fz->e—j2”fi“e‘ﬂ”"ﬂ U(f:)

e}

1
—i%7 27 fre
Xolf) = Y e o Lo,
']fToc +1

1— e—j27rnp0

j2mn

n=—0oo

+ fsg(fi)eﬂﬂfitoe—ﬂﬂfito _ fSG(fi)ejQWfit2€_j2ﬂfit1€_j27rnp0:| U(fz)

(e o]

Xo(f) = 3 el

, : + .
e L+jf=  j2mn (2mle) (14 j42)

1— e—j27rnp0 1— 6]'271'171ﬁ

Fs e—j27rnpo

6(h)|v(s)

Equation 3.17 is evaluated for phase 1:

1— 6—j27rnp1

Xi1(fo) = Z e PP (jom fol — Ag) ™! | By

= j2mn
+ fGa(fi)e 9t stz<fi>ej2”f”2€j2”"pl] U(f;)
= 1
Xi(fo) = e
nz_:oo ]27‘(%
[G(fi)eﬂﬂfihe—j?ﬂfm _ G(fi)eﬂﬂfihe—jQsz't2€—j27mp1} U(fz)
f .
_ > et gy ey (s g,
o j27T
-J 1% 9 fi
- Z eiﬂmfstl 7 TPV G(f)U(f —nfs)
N j27Tfs
o] —j2m
A 1 — g J°™P1 fs , . i
= 3 et 2T g g0 -
o j27rf—z

Summing these phase equations according to equation 3.11 gives the total response:

Y(fO) = X(fo) = XO(fo) +X1(fo)

o0

S ejszsto[ !

W L+jf  j2mm

1— e—j27rp0n

1 ; Si
oI Tond (1 — 215 e 2mPom) G ( f;)
7 77—" ﬂ'ﬁ
1— —3271'171?;

N e~32mpon 21 e U ()

]27Tf°

(4.54)

(4.55)

(4.56)

(4.57)

(4.58)

(4.59)

(4.60)

(4.61)

(4.62)

(4.63)

(4.64)

(4.65)
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Since the state variable X is also the output: Y (fo) = X(f,). Then the periodic transfer

function becomes:

11— e d2mpon

H = 7j27rnfst0
o) ¢ 1+jde  j2mn
partB
fo
1 P 1 . 1— e—]27rp1 2 .
+ (27rf”)(1 ny 7 )(1 2L e_JQWPO”)G(fi) + 327rf0 —jQWponG(f) j2mp1 4L
Is Fre
partc partD
(4.66)

Part B and part C of this equation both have the factor e but part D does not. In
fre

. . . . +if2
order to split off this common factor, part D is multiplied by the unity factor iﬁf
TFre

e J j27p1 fs

1 1 — e7J°mPon 1-—- e—]ZWpOnG(f) 3277])1;

H,(f. :e—j27rnfsto 1_e—j27r%n : +
(/o) ( 1 +jf= L J2mn jamie

fo
] f'r‘c (1 _

]27r A
(4.67)

(1 ]271'171]}: €_j27rp0”)G(fi) €—j2ﬂ'1’1 ;S ) —j27rp0nG(f ) ]27rp1%

+
Jre
2 A

The lower line now has similar factors and can be simplified further:

) o1 1 1— efj27rp0n 1— e—j27rp1 j‘g f
Hn(fo) :e—]2wnfsto(1 _ e—]27r§n) : + e—]27rponG(f) j27rp1 Ji
L+j4= 1 j2mn jomde
(fl> ej27rp1%e—j27rpon + ejzﬂ'pl%e—j%rpon o e—j27rn

partE
(4.68)

Part E evaluates to (1 — e™72™) = 0. The resulting periodic transfer function is given in

figure 4.9.
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P S e T .
H,(f,) =€ mnfsto 7 : + ; e~ J WponG(fi)ej P1ye (4.69)
145+ j2mn jomie
f’l'C fS
Or in sincform:
Hy(fy) = 92t .
1+ jf=
e (4.70)
- sinc(pgn)e 9272 + p1 - sinc & eij%%l%e*j%pon(} » eﬂ”pl%
Po DPo y4! b1 i
S
Given that: _ .
J2mpo - —2mpo +<
€ fs — e fs ]_
G(fi) = 7 - — (4.71)

j2m 2i —27pg Lre Ji
I3 _ o2 Po 1+ 7o

Figure 4.9: Frequency Converter Model Single Balanced H,,

4.3.2 Double Balanced

The double balanced frequency converter model is similar to the single balanced version, but
with the double amount of periodic phases. There are four phases so D = 4 and the balancing
forces the relationships:

1 1
Po=p2, P1 =P3, Do+ P1= 3 p2 +p3 = 3 (4.72)

During phase 0 and phase 2 the circuit is a RC filter and during phase 1 and phase 3 the
voltage on the capacitors remains static. Therefore the differential equations are given by:

ROVO 4 Vour(t) = Vin(t)  to+ 0T <t <140,

Vout (t) = Vour (T + 11) t+ Ty <t <2+ nT,

dVout(t) _ (473)
ROZEZ 4 Vo (t) = —Vin(t) b2 +nTs <t < t3+nTy
Vout(t) = Vout(nTs + t3) a3 +nTs <t <t0+ (n+1)T;

The derivation of the difference equation 3.12 is given in appendix B. The resulting equations
for Gi(f;) are:

fre

ej27rpoff _ 6_27Tp0f 1

CU) == i T 1 (4.74)
e“"2Fs 4+ e s 7.

Go(fi) = G(f;)e??™fito 4.75

Ga(fi) = G(f;)el*mfits

The solution to the differential equations in each phase is trivial:
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1
) 27 I — A -1 = (727 I — A -1 = = 1 — 27 fre
phase0,phase2 banso 2 (32mfo 3) Prfot2mfee T jle i1 (4.80)

Bl = Bg = 27Tfrc

(j2mfol — Ag)™" = (j2m fol — Ag) ™' = 51 (4.81)
B2 = B4 = O

phasel,phase3 {

Equation 3.17 is evaluated for phase 0:

00 Y o L 1— e—j27mpo
Xo(fo) _ Z e—J2mnfs o(j2m fol — Ay~ [31_2
n=—oo e (4.82)
+ fSGO(fi)e*jQWfito _ stl(fi)eﬂﬂfmej?Tmpo} U(fz)
o] 1 ;
. T 1— e—]27rnp0
XO(fo) = Z € 72 nfStO(.ch:rif |:27Tfrc.2ﬂ_n
— I 1 J (4.83)

+ fsg(fi)eﬂﬁfitoe—ﬂﬂfito + fSG(fi)ej%f"t?e_j%fitle_j27mp°:| U(fz)

. : fi .
1 — e—J2mnpo 1+ €J2ﬂplff6—327mpo

Xolf) = 3 e[

G(f:)|U(fi 4.84
n=—oo 1+j% j2mn + (QW];I':)(Iij%) (f)] (fi) (4.84)

Equation 3.17 is evaluated for phase 2:

[e§) ornat L 1— €7j271'np2
_ —j2mnfsta( ; _ -
Xo(fo)= > e (j2r fol — As) [33 e
n=—co (4.85)
Np—J2mfita Np—Ji2n fits ,—j2mnp2 .
+ fsGa(fi)e [sGs(fi)e € U(fi)
0 ) ) _1 _ —j2mnp
XQ(fO) = Z e_ﬂwnfStOe_ﬂW%n( o [_ 27Tf7«671 .e i
£ j+1 j2mn
n=-—00 fre (486)
RGPt ite _ f G fi)eﬂﬂfz‘uej27ffit3612ﬂnp2:| U(f)
. fi .
o0 ) o1 1 1— efj27rnp2 1+ 6]27Tp3f*5€7]27rp2n
Xolf)= Y —e—ﬂ”"fs%—ﬂ”z”[ P Go(fi)] U(f)
oo L+jge J2mn @rie)(1+j5+2)
(4.87)
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Master Thesis

Inspection reveals that Xa(f,) = —Xo( fo)ejQ’T%”.Equation 3.17 is evaluated for phase 1:

o0

Xi1(fo) =

n=—oo

Z e~ J2mnfsty (j2m fol — Ag)_l

1— —j2mnp;
By c
j2mn

+ fGa(fi)em i — stQ(f»e—ﬂ“fme‘ﬂ’f”pl] U(f:)

1
—j2nnfst
Z ¢ Ry

n=-=00 Trfs

I: _ G(fi)ejQWfiQe*jQﬂfitl + G(fi)eﬂﬂ'fitzeJ'27l'fit26j27mp1:| U(fz)

. f
Xi(fo) = Y —e P G(f) (T
o ]27rf
_ fo
= —e s
o j27r
oo —J27Tp1 f"
_ Z _67j27rnfst01
o fo
n=-—00 J27rf

Equation 3.17 is evaluated for phase 3:

[e.e]

X3(fo) =

n=—oo

Z e_j%”fst?’(j%rfof — A4)_1

67j27rp1n)U(f o nfs)

STPIEGNU(S - nf)

. . fi
e 2o T G(f)U(f = nfs)

1— —j2mnhs
By c
j2mn

+ [sGa(fi)e I — st4<fi>e—ﬂ“f”4e‘ﬂ’f”p?’] U(f:)

Z e —72mnfst1 —j27r n__- 1
j27r

n=—oo

I: _ G(fz.)eﬂﬂ'fime*j?ﬂ'fi% + G(fi)eﬂﬂ'fimeJ'27Tfit4ej27m1?3:| U(fz)

o0

— _ionl 1 i R
Xs(fo) = g —ed2mniatie j2”2”7f G(fi) (e 7
> o
N——00 ‘727Tﬁ
o —j2mpsde
_ § —e —j72mnfsty —j27|’ nl_e Is
S, 327r—°
0o —J27fp3f°
— § : _67j271'nfst067j271'%n1 - Is
o
o j27'('fs

. eijWnpg)U(f o nfs)
()™ RU(f — nf)

*.727|'P071G(f ) ]27rp3f U(f o nfs)

(4.88)

(4.89)

(4.90)

(4.91)

(4.92)

(4.93)

(4.94)

(4.95)

(4.96)

(4.97)

(4.98)

Tayloe Product Detector 34



CHAPTER 4. MIXER ANALYSIS Master Thesis

Inspection reveals that X3(f,) = —Xi( fo)eﬂ”%”. Summing these phase equations according
to equation 3.11 gives the total response:

Y(f()) = X(fo) = XO(fo) + Xl(fo) + X2(fo) + X3(fo) (4'99)
0 —j2m
Z e—j27rnfsto(1 _ ej??r%n) |: 1 1-— 6 J=mpom (4100)
nh L+ jfe j2mn
1 i
+ (L P PG f) (4.101)
jamde + 2mire
_ 7j27rp1f—‘s’ ) ) .
_ We—]prone]27rp1}c5G(fi):| U(fz) (4'102)
]271';"

Since the state variable X is also the output: Y(fo) = X(f,). Then the periodic transfer
function becomes:

Ho(f) =3 1 _ gmsargmy [ 11
N —— 1 + jfTOC j27Tn

partA
partB
fo
orm 5 1 _ e J2m1 . - fz
Tk i+ i )(He]2 eRTG) —— e e PG f)e
e .7 0 ] 7.[. o
fS f?"(’
partC partD

(4.103)

Part B and part C of this equation both have the factor H_]l —.» but part D does not. In

f7'C
1+54e
order to split off this common factor, part D is multiplied by the unity factor 71;”:
55
1 1 1 — e—J2mpon | _ 79271 ﬁ’ f
H,(f,) :e_j%mfsto(l — e_j27r§") i + —JQWponG(f) Jj2mp1t
144 j2mn jomle
Fre fs
j2mp1 7 —j2mpon J J{Toc —j2mpide —jompon j2mpy i
—1—27(%(14—6 fse VG(fi) — ]27rf° (1—e is)e G(fi)e 7

(4.104)
The lower line now has similar factors and can be simplified further:

. L
1 1— e—jQﬂ'p()n 1— 3271'171 fg i

7j27rp0nG(f ) Jj2mp1 Fs

Hy(f ——J2mnfsto 1_€fj27r%n ; +
n( o) ( )1_’_]% ]27-‘-71 j27Tf°

+G(fl) 1+ ejQWPI%e—jQWPOTl o ejQWpl%e—jQﬂ'pon + e—j27r§n
fre
27 7
S

partE
(4.105)
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Part E evaluates to (1 + 6752”%”) which multiplied by part A gives zero:
(1— e 2man)(1 4 e 72mam) = 1 —e2Mm =1 _1=0 (4.106)

The resulting periodic transfer function is given in figure 4.10.

Hn(fo) — e_jQﬂ‘nfstO(l _ e—j?n%n);'
L+jfe
1 — e—J2mpon | _ o7I2m1 ;" ‘. (4.107)
|: _ - —]2TrponG(f ) J2mp1 e ]
12 o
j2mn ]27rf
Or in sincform:
H. f — e*JQanstO 1— e*jQﬂ'%?’L s
e | )14—Jf°
- g (4108)
j P1 fo
[po : SiHC(pon)e_ﬂ”%O" P - SlnC(plji Je —I2mG g eI £;)e j2mp1 4L
S
Given that:
G2mpodt _ —ampolre
G(fi) = ——7 Tre (4.109)

j27’l'2f +e 27Tp0f 1+‘7f1"c

Figure 4.10: Frequency Converter Model Double Balanced H,,

4.4 Summary

The periodic transfer function of a switching mixer and sampling mixer can be calculated
using the definition of the periodic transfer function and Fourier frequency domain identities.
However, the memory effect of the frequency converter model prevents a similar approach and
instead the full Strom and Signell theory has to be used.

For all three mixer types the periodic transfer functions were derived for both the single
balanced en double balanced case. The double balanced transfer functions differ mainly from
the single balanced ones by an additional factor (1 — eIy 2™), resulting in all even order
harmonics to be zero. The same result was derived from Strom and Signell theory in section
3.3.4.
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Chapter

Mixer Parameter Exploration

In this chapter the expressions for the double balanced frequency converter model are examined
further. The goal is to derive simpler expressions for important performance figures like con-
version gain and noise figure. The periodic transfer function is repeated here for convenience:

Ho(fo) = 92701 — e 32nim)
1+ j4=
| B " 5.1
1 o €_j27rp0n B 1 —e J2mp1 fs e_j27rp0nG(f‘)€j2ﬂ-pl% ( )
: — ’
j2mn J2mg
partA partB
Given that:
jQWPOf 6—271']70ffTTC 1
G(fi) = 7 ] 2

5.1 Parameter Sweep

By choosing special values for the duty cycle pg and the bandwidth f.. equation 5.1 can be
simplified.

5.1.1 Duty Cycle

Put the duty cycle to 50 percent, which is pg = % and p; = 0. Part B now is zero because

_ fo .
1—e ™% =1—¢° =0 and only part A remains:

o 1
1 1— e—]27r§n

1 —i—j% j2mn

Hn(fo) — 6—j27mfst0(1 . €—j27r%n) (53)

Which is the expression for the double balanced switching mixer (figure 4.4).

5.1.2 RC frequency

First the effect of choosing an infinitely large f,.. on the periodic transfer function of the double
balanced Tayloe mixer is considered.
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For G(f;) the limit is:

G(F) = Z 5.4
(£) €j27r%;—; 4o L (54)
% ; fi
ej27rpof efJQﬂ%f—S (5 5)
The periodic transfer function becomes:

(fo) j2mnfsto 52 ln){l _e—itmpon | _ i j2mpode j2 Poﬁ] (5.6)
ano = g JTNSN0 (] — g7 - + e PO ss TP ss 5.6

2 oo

Jamn j27rfs

, oy —emimpon (i

_ e—jQﬂ"nfsto(l o 6—3271'571)[ e—]27rpon] (5_7)

: +
j2mn jomde

Which is the expression for the double balanced sampling mixer (figure 4.8). Now make the
duty cycle very small so that pg = 0 and p; = % then the expression becomes:
1—e QW%%

. fo
j2m 7

S

Hn(fo) — 6—j27rnfsto(1 . 6—j27r%n) (58)

Which is the expression for a double balanced sampler with zero-order-hold.

5.1.3 The big picture

The previous two subsections have proved that equation 5.1 describes all the mixer types
discussed in Chapter 2 and that different mixer forms arise from different values of the duty
cycle pg and bandwidth f,... Table 5.1 summarizes the conclusions made.

Table 5.1: Frequency Converter Parameter Variation

H fre =00 ‘ fre < fs

po = % switching mixer
Po = i Tayloe mixer
0<po< % sampling mixer

po~0 sampler + zero-order-hold

5.2 Approximations

The equation for G is simplified when two conditions are assumed:

e Only the behavior around DC output frequency is concerned: fy =0 and f; = nf;

e The bandwidth is small with respect to the sampling frequency: f.. < 0.1- f;
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Substituting the first condition into equation 5.2 result in:

fre

G(fi) s e T : (5.9)
i) = = i — 2 frc . 27’I’p0TL '
6]2 ne pogs 1 —|-]727Tp0 "
2mpg J}C ei2mpon _ —2mpo ff” (5 10)
etk "~ 2mpo; Le +J27Tpon '
hen taking the limit from f,.. toward zero to apply the second condition:
. fTC
27rpgh eJ2mpon _ o~ 2TPof
lim = 5.11
meO[l _ —2”1’0 = 27po J}” ]27rp0n | ( )
ch
27rp0h e*j27rp0n _ 6—27"p0f75
lim [———* ] lim = 5.12
frc"o[l —27po J;TC fre—0 27Tp0 frc =+ ]27Tp0n ] ( )
€j27rpon -1
. 5.13
J2mpon (5:13)
Entering this resulting formula for G into part B of equation 5.1 gives:
B R S R
16—6_]2@0% e,ileﬂwéf? = (5.14)
j2m ;Z J2mpon
e—j27rpon -1
—D1 oo (5.15)
Which gives for the total periodic transfer function:
) ) _ p—J2mpon —Jj2mpon __
Hy(f,) = e792misto(1 — ¢=i2m3m) L - L-e s ! (5.16)
14+ jfToc j2mn Jj2mpon
. . —j2mpon __ 1
_ —j2mnfsto 1— —]QW%R € E— 5.17
B (L Py ) (5.17)
. 1 _ g—d2mgn ,
— 6—327mfsto( € sinc(pon)e_]%%on (5.18)

2

This expression is only valid for narrow band operation and for f, ~ 0. The magnitude
is equal to sinc(pgn) for odd n and zero for even n. Using this result, the conversion gain is
estimated as sinc(pg) and the noise figure is estimated as:

> n—odd sinc(pon)? )

NF(0Hz) = 10log( sinc(po)?

(5.19)

Evaluations of this equation and equation 5.1 show that the estimate for the noise figure is
also valid for fy < fs. Figure 5.1 show these expressions evaluated for some values of pg. The
case where py = % gives the best balance between low conversion loss and low noise figure.
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Conversion Loss vs Duty Cycle Noise Figure vs Duty Cycle
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Figure 5.1: Approximate Conversion Loss and Noise Figure

The question arises if this approximation can be extended for output frequencies higher then

DC. Evaluations of equation 5.1 show that by adding the term ﬁ the approximation is
2P0frc

very good for f, < fs. This extra term then determines the bandwidth of the mixer:

1

BW =2 5.20
POSrRC ( )

With this extra addition the periodic transfer function is approximated as:

. 1 _ e—d2mgn . 1

H — ,—J2mnfsto ( . —j2r5in 21
w(fo) =€ —y sinc(pon)e T h 7 (5.21)

Time shift ~———~——"""" gy 0nic Gain 2po fre

Balancing
Bandwidth

The relative magnitude error between equation 5.1 and equation 5.21 for several duty cycles
and bandwidths is shown in table 5.2. A relative magnitude error less then 0.5% is achieved
for fr. < %S. In this case the relative phase error is less then 5 degrees.

Table 5.2: Maximum magnitude approximation error for f, < fs (1%, 3" and 5" harmonic)

H frc:% frc:% rc:%
Po=75 0% 0% 0%
Po=73 5% 1.5% 0.5%
po =7 5% 1.5% 0.5%
po=g 7% 2% 0.5%
Po=3 1% 0.2% 0.05%

Unfortunately the addition of the bandwidth term has not been derived from the original
expressions, due to mathematical difficulties.
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5.3 Summary

In this section the periodic transfer function of the double balanced frequency converter model
has been examined and transformed. It was proved that when the cutoff frequency of the RC
network is swept to infinity the resulting expressions are equal to the expressions derived earlier
for the double balanced sampling mixer. Also it shown that a duty cycle of 50 % transforms
the expressions into the double balanced switching mixer expressions. The expressions for the
Tayloe mixer are retrieved by setting a duty cycle of 25%.

Furthermore an approximate simplified expression for the conversion gain, noise figure and
bandwidth was derived, only valid when the bandwidth of the mixer is smaller then 10 % of
the RF frequency (narrowband). It was concluded that in the narrowband situation a duty
cycle of 25 % gives the best balance between conversion loss and noise figure.
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Chapter

RF Frontend Design

In the previous chapter is has been proved that the Tayloe mixer with 25 % duty cycle provides
the best balance between noise figure and conversion loss. In this chapter a RF front end is
designed using this mixer in standard 65 nm CMOS technology with a maximum gate-channel
voltage of 1.2 V.

6.1 Top Level Design

A sample front end receiver is designed and simulated. The channel is chosen at 1 GHz with
20 MHz bandwidth. Image rejection is done with quadrature mixing. A double balanced
architecture was chosen because of low conversion loss and robustness against second order
distortion effects (described by Razavi [10]).

LO 25%
v ﬂ”T T 180°
bias Buffers
500 ',
T Tayloe S o+ |
vV, mixer L/ -
ideal
balun v Tav] .
i a‘{.f oe RS o* 5
mixer |~ o -
1 GHz 1 GHz l l 20MHz 20MHz
90" 270°
LO 25%

Figure 6.1: Receiver Design

Figure 6.1 gives an overview of the example receiver. The ideal balun transform the single
ended antenna into a double balanced one. The second function of the balun is to provide a
DC bias voltage for the mixer and buffers. The Tayloe mixer down converts the signal into
an in-phase and quadrature signal at baseband. The buffers provide two times voltage gain
to loosen the noise figure requirements of the preceding stages and to convert the moderate
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output impedance of the mixer into a low output impedance. The target noise figure of the
entire receiver is 5.0dB and the linearity should be designed as high as possible.

6.2 Circuit Level Design

6.2.1 Antenna

For a double balanced mixer to operate the voltage coming from the antenna should be balanced
as well. An ideal balun transforms the single ended voltage into a double balanced voltage. The
common mode of the output balanced voltage is set to a bias voltage required for the buffer.

R
2
2:1 v v,
+
R ” + v
2 -
" Vhias $ Vhias
“O [y %
- 2
V -
2:1 - V.
~ R
2

Figure 6.2: Balanced antenna model

In essence the receiver is sensing the voltage on the antenna. Typical receivers with LNA’s
first divide the voltage in half by impedance matching. The input signal power is defined in
dBm, as the power dissipated in the 50 Ohm resistor when matching impedances. So at a
defined input power, the input voltage at the input port of the receiver (after the antenna) is
twice as high for a voltage sensing receiver.

The result is two times voltage gain with respect to the impedance matched case. The
downside is the reduction of the IPx numbers with 6dB, since the input voltage is twice as
high. The trade off is made between voltage gain and linearity.

6.2.2 Clock Driver

The mixer requires a clock signal to drive the switches. The focus in this project is not on
clock generation, so it is assumed that the required clock signals are available with correct duty
cycle and phase. It is further assumed that the clock signals are pure block waves switching
between the negative and positive supply rail. In reality no clock generating circuit has these
properties, so an inverter buffer is added to add realistic rise and fall times to the block wave
and to provide a realistic output impedance.

In general, the linearity of a switch becomes better when the driving signal becomes larger
in magnitude. Because of supply rail limitations, the maximum clock amplitude available is
1.2V. For design reasons the channel voltage of the switches might be higher then the negative
supply rail, so in order to reach maximum channel-gate voltage the clock has to be raised in
voltage level as well.
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0.9V LO
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0 |
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o 2K

0.9V
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Figure 6.3: Clock bias circuit

The circuit used for raising the clock signals is shown in figure 6.3. The inverters are used
to simulate realistic rise and fall times.

6.2.3 Mixer

The main design point for the mixer is the implementation of the switches. A MOSFET is
ideal for switching purposes. Figure 6.4 shows the two mostly used implementations.

—_

B B

10 U

NMOS CMOS

Figure 6.4: Transistor switches

In the NMOS implementation, the channel has a certain voltage level. When the gate voltage
is equal to the channel voltage, the source drain resistance is very big and hence the transistor
is off. When the gate voltage is well above the channel voltage (with a maximum of 1.2V for
the 65 nm process) the source drain voltage is very low and the transistor is on. The transistor
then operates in the linear region, since the gate source voltage minus the threshold voltage is
much higher then the source drain voltage.

For achieving 20 MHz of bandwidth, the capacitor value is calculated using equation 5.20:

1 1
T 227500 -20M Hz

However, the input resistance seen by the mixer is not 502 but 252 because of the transformer
(figure 2.14). Therefore the capacitance to ground is two times C, or 160 pF.

= 80pF (6.1)
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LO+
Vin+ o < Vout +
2C —=—
closed
L0+| ” || || |
| open
4; Lo closed
1 o O
20—
Vin— e Mout -

Figure 6.5: NMOS Tayloe mixer

For the CMOS implementation, a PMOS transistor is placed parallel to the NMOS transistor,
thus forming transmission gates. When the MOSFET’s are on, the resistance is lower because
of the parallel configuration. The width of both NMOS and PMOS is chosen equal to equalize
the gate capacitance.

in+ 0 VOlll ¥
2C—
closed
o] 1 1 [1 |
| open
! closed
- | [T [T [T M1 e
20—
Vin- oVout -
T
LO

Figure 6.6: CMOS Tayloe mixer

For IQ image rejection, a duplicate mixer is added with all clock periods shifted a quarter
time the sample time. The inputs of both mixers are connected together. The linearity is
optimized by applying as high a channel gate voltage swing as possible. The noise is minimized
to acceptable levels by scaling the width of the transistors.

6.2.4 Buffer

In the analysis of the mixer it was assumed that the block following it has a high input
impedance. Also, a bit more gain in the receiver helps to decrease the influence of back
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end receiver blocks on the noise figure. Therefore a buffer is being implemented following the
mixer, having two times voltage gain and a high linearity. The inverter has been reported by
Nauta [3] to have good linearity properties, so this is used as a base design.

The inverter ideally has zero second order distortion and reduced third order distortion. Be-
cause of the low supply voltage of 1.2V, only 0.6 V is available per transconductor. Klumperink
and Nauta have shown that for low voltage headrooms the MOSFET in strong inversion pro-
vides the highest linearity [9]. For higher supply voltages the degenerated MOSFET in strong
inversion gives higher performance. Klumperink and Nauta also derive that transconductor
design should concentrate on linearity properties, whereas the noise can be optimized by ad-
mittance scaling.

Vins+ Vout + Vout-

1""rhlms

Figure 6.7: Inverter

The inverter schematic is shown in figure 6.7. The PMOS has lower mobility, so its width
is scaled to 3.2 times the width of the NMOS to ensure that both transistors have the same
gm- The length of PMOS and NMOS is kept at 0.5um which improves linearity with respect
to minimum length transistors. Both the transistors are biased at half the supply rail at 600
mV, ensuring that the gate-source voltage of both transistors is equal.

mixer 7
|£ =4kT lIIlJIJ“l
Ay =09

v2 4KT 250 NF=3.9dB L| . 2
Vi = 4kT RL
I" =4kT "," Jm

Figure 6.8: Circuit half noise model

To achieve two times voltage gain, A, = R - g, = 2. To determine the receiver noise figure,
the noise is analyzed from the antenna through one-half of the mixer and one buffer. Figure
6.8 shows the noise contributions from every part of the circuit, only including thermal noise.
Because this analysis is focused on one circuit half of the double balanced structure, the antenna
impedance is the half of 50€2. Another way of looking at it is that the balun transforms the
antenna impedance to 25£). The output referred contribution of each noise source is calculated:
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U antenna = 4KT250 - 0.92 - 1010 - 222 R2 (6.2)
V2, NMos = 4kTygm RS (6.3)
v2, pros = 4kTygm RE (6.4)

v2, g, = 4kTRy (6.5)

Where k is the Boltzmann constant and T is the temperature in Kelvin. According to Leung
the noise figure can now be calculated by [7]:

(6.6)

NF =10 - IOg (Noutput + Ninternal)

G- Ninput

Where Njjternai 1S the output referred noise power of the noise sources inside the circuit,
Noutput is the output referred noise power of the input noise source, Nj,pyt is the input referred
noise power of the input noise source and G is the total power gain. Filling in the noise powers:

(6.7)

NF — 10 1og [ P mantenna + V201105 + V%nprios + VP Ry
i 4kT25Q - 0.92 - (2g,m R1)?

(6.8)

250 -0.92 - 1070 - (29, R)? + 2 - vgmR2 + Ry,
250 - 0.92 - (29, R1 )2

251 - 0.92
59 5o (7+A1U)>

1050 4 20m

1
250 - 0.92 (6.10)

11 R
9 29T oL R
=10-log <10319 4 2om (2ng)2> (6.9)

From this equation it can be concluded the noise contribution of the load resistor with respect
to the noise contribution of the transistors is determined by the voltage gain A, and . In this
case A, =2 and v = %, so the transistors contribute slightly more to the noise then the resistor
does. Evaluating this equation for g,, = 100mS results in a total receiver front end Noise
Figure of 4.4 dB. This leaves some room for flicker noise and a dropping mixer gain for high
frequency until the Noise Figure of 5.0 dB is reached. For the NMOS a width of 1000um is
needed and for the PMOS a width of 3200um is needed to get g, = 100mS. To get the two
times voltage gain the load resistor Ry, is 10€).

6.3 Block Simulation Results

Simulated performance of the individual front end blocks.

6.3.1 Clock Driver

The time response of the CMOS clock driver is shown in figure 6.9. The clock driver ensures a
common channel voltage for both NMOS and PMOS, while maintaining the full supply voltage
swing over each gate.
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T T T T ) T
92.5 92.75 93.0 93.25 935 93.75 94.0
time (ns)

Figure 6.9: Clock bias circuit time response

6.3.2 Mixer

The periodic transfer function of the NMOS mixer is shown in figure 6.10, with respect to
output frequency and with respect to input frequency. The simulation verifies that the mixer
has a conversion loss of 0.9dB since the gain of the first harmonic around DC baseband is 0.9
. Furthermore the bandwidth is lower then 20 MHz, caused by the extra switch resistance of
the MOSFET transistors. The simulation shows this extra resistance to be 5{2 per transistor,
so equation 6.1 has to be modified:

ool 1
227 (50 +10)Q - 20M H 2

Double balancing then requires the output node capacitance to be 130pF to ground. The
CMOS mixer has exactly the same transfer function, which is therefore not shown.

= 65pF (6.11)

10 10
5 R

75

Mag (v /)
o
Mag (¥/¥)

n=-1

n=-3
257
j
200 2.0 40 5.
i

i (GHz)

Q

Figure 6.10: NMOS Conversion Gain

To optimize the Noise Figure simulations were performed with different transistor lengths.
Figure 6.11 shows the resulting noise figure for both CMOS and NMOS mixer. It appears
that the CMOS mixer achieves the same noise figure as the NMOS mixer at half the transistor
width. Such is to be expected since a PMOS and NMOS in parallel have effectively twice the
width of a single NMOS transistor. Therefore, the transistor width for NMOS is chosen to be
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200pm and the width for CMOS is chosen to be 100um. The mixer noise figure then becomes
4.1 dB.

NMOS CMOS

NF (dB)
NF {dB)

25 50 100 200 400 25 &0 100 200 400
W {um}) W {um}

Figure 6.11: Mixer Noise Figure vs transistor Width

To verify the statement that the mixer IIP3 drops for lower gate LO drive, IIP3 simula-
tions were performed with several LO drives. Figure 6.12 shows indeed a descending IIP3 for
decreasing LO drive.

NMOS CMOs
an

[o%)
(A}

=)
=

[==]
=20

IP3 {dBm)
m = o

o

Figure 6.12: Mixer IIP3 vs LO Drive
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6.3.3 Buffer

The voltage amplification for the buffer is shown in figure 6.13. In the whole bandwidth the
voltage amplification is greater then two, as desired.

Mag (W)

0 T T T
75.0 100.0

50.0
freq (MHz1

Figure 6.13: Buffer voltage amplification

The IIP3 of the buffer is shown in figure 6.14. The IIP3 is +12dBm and the -1dB compression
point is at -8 dBm. The low supply voltage limits the options to further improve the non-
linearity.

_25.04
dwdﬁ///’“
-50.04
= -75.04
E dB7dE
=
=
=_100.04
12504
-150.04
i i I N NN RN
-30.0 20,0 -10.0 i 10,0
POWIER (dBrm)

Figure 6.14: Buffer 11P3

The output impedance of the buffer is 10€2, suitable for voltage driving the next stage in the
amplifier. The gate-source capacitance of the PMOS is 11pF and the gate-source capacitance
of the NMOS is 4pF. The combined 15pF of buffer input capacitance has to be subtracted from
the 130pF calculated in equation 6.11 to get the correct bandwidth.
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6.4 Receiver Simulation Results

Putting together the designed blocks a total receiver front end is created. Figure 6.15 shows
the NMOS front end with all device dimensions. The CMOS receiver is similar. The conversion
gain versus output frequency is shown in figure 6.16. The voltage amplification is 3.5 which is
equal to 10.5 dB.

The noise figure versus output frequency is shown in figure 6.17. In baseband from 1 MHz
to 18 MHz the noise figure is below 5.0 dB. Below 1 MHz the flicker noise from the buffer
MOSFET’s is raising the noise figure above 5 dB.

The ITP3 versus output frequency is shown in figure 6.18. The resulting IIP3 is higher then
+12dBm and the -1dB compression point is -5 dBm.

DC supply power simulations were performed. The resulting power figures are shown in table
6.1.

Table 6.1: DC Power Dissipation

‘ Clock Driver Mixer Bufler ‘ Total
NMOS | 4-2 mW 0mW 4-11 mW | 52 mW
CMOS | 8-2 mW 0mW 4-11 mW | 60 mW

The balancing of the receiver cancels out antenna radiation. In the presence of mismatch,
the circuit will become unbalanced and LO signals can leak through to the antenna. For the
NMOS receiver the antenna voltage resulting from the LO signals have been measured while
mismatching the width of a single switch resistor in the mixer. In Table 6.2 the mismatch
results are shown in V.

Table 6.2: NMOS Receiver antenna radiation with a single mismatched transistor

f | 0% 1% 5%

1 GHz | < 100nV  85uV 430V
3 GHz | < 100nV  14uV  76uV
5 GHz | <100nV  30uV  151uV

The antenna impedance is 50€2. Table 6.3 shows the mismatch results in dBm. In a practical
CMOS process the mismatch is below 1%, resulting in antenna radiation below -70dBm.

Table 6.3: NMOS Receiver antenna radiation with a single mismatched transistor

f | 0% 1% 5%

1 GHz | < —125dBm —72dBm —54dBm
3 GHz | < —125dBm —84dBm —70dBm
5 GHz | < —125dBm —77dBm —63dBm
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Figure 6.15: NMOS receiver frontend
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Figure 6.18: Frontend I1P3

Tayloe Product Detector

54



CHAPTER 6. RF FRONTEND DESIGN Master Thesis

6.5 Summary

A receiver front end using the Tayloe mixer was designed for a RF frequency of 1GHz and
with a bandwidth of 20 MHz. A conversion gain of 10.5 dB was achieved, with a noise figure
of less then 5.0 dB in the band of interest. The IIP3 is +12 dBm and the -1dB compression
point is at -5 dBm. Both are limited by the voltage buffer following the mixer. Both in-phase
and quadrature components are generated by having parallel mixer paths. Furthermore, the
output impedance of the output buffers is 10€2.
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Chapter

Conclusions

A model has been presented to analyze the frequency domain behavior of the switching, sam-
pling and Tayloe mixer. This frequency converter model has been analyzed using Linear Pe-
riodically Time Variant theory, resulting in closed form expressions for the periodic transfer
function. With these expressions the conversion gain, bandwidth and Noise Figure of the single
and double mixers can be calculated exactly.

Furthermore, an approximation of the found periodic transfer function has been formulated
for narrowband channels, which directly translates the duty cycle parameter to conversion gain
and Noise Figure, and the bandwidth parameter to the baseband bandwidth. It was concluded
that a double balanced Tayloe mixer with 25% duty cycle provides the best balance between
noise figure (3.9dB) and conversion loss(0.9dB).

An example RF receiver front end was designed and simulated in 65 nm CMOS technology.
The channel was chosen at 1 GHz with 20 MHz bandwidth. A conversion gain of 10.5 dB was
achieved with a noise figure of 5.0 dB. The IIP3 of +12 dBm and -1dB compression point of -5
dBm are limited by the low supply voltage of the output buffers. It can therefore be concluded
that a receiver front end with high linearity and moderate noise figure can be implemented
using the Tayloe mixer.
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Chapter

Recommendations

In this Master thesis the linearity of the Tayloe mixer was not calculated, but assumed to
be high enough due to the passive nature of the mixer. In future work a Volterra series
representation of Tayloe mixer might help to calculate the distortion. From a design point of
view such a representation might not be necessary since it is easy to design highly linear switch
MOSFET’s. But from a theoretical point of view it is satisfying to have the complete picture.

The linearity of the simulated front end was limited by the voltage buffers following the
mixer. A commonly known trick to improve linearity is to use emitter degeneration, but the
supply voltage proved to be too low to take advantage of this trick. It is questionable whether
a supply voltage of 1.2V allows for ITP3 numbers much higher then +10dBm for non-feedback
gm stages. It might be necessary to put more research into highly linear IF amplifiers with
low supply voltages. Also, a feedback amplifier might be one of the options to achieve higher
linearity.

59



Master Thesis

Tayloe Product Detector 60



Appendix

Identities

In this appendix, some useful mathematical identities are given to assist the reader.

Euler
/% = cos(z) + jsin(z) (A1)
e 7% = cos(x) — jsin(x) (A.2)
JT —q
cos(x) = H# (A.3)
JT _ i
sn(r) = e (A)

_ sin(rz) eI — eI
sinc(x) = —— Tonz (A.5)

x —Zx

cosh(zx) = cos(jx) = %jsmh(a@) =sin(jz) =

Complex numbers

|2l = Va2 +y? (A7)

¢ = arg(z,y) (A-8)
2=+ jy=|2| (cos(¢) + jsin(¢)) = |z] ¢/* (A.9)
2=z — jy = 2| (cos(¢) — jsin(¢)) = |z e? (A.10)
. .
PR ;;2 +jyy2 (A1)
1 z*
Sl (A.12)
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Dirac pulse

z(t)o(t —to) = x(to)o(t — to) (A.13)
x(t) * 6(t — to) = z(t — to) (A.14)

A periodic Dirac pulse ( the Dirac comb) can be represented by a Fourier series. The period
time is Ty, the period frequency is F; = T% and the period angular frequency is ws = 27 F.

w(t)= ) <5(1t—nTs):Ti Yo (A.15)

X(f)=F ) 6(f-nF)= Y e/ (A.16)
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Appendix

Derivations

B.1 Laplace

In this section the time response of a first order RC filter is derived. Assuming a sinusoid input,

the input/output conditions are defined as:

Vi (t) — ej27rfi(t+tp) — ejQﬂfitpej%rfit

Vout(07) = v(07)
Transforming V;, () to the Laplace domain:

ej27Tfitp
Vils) = T iaaT,
(2

The differential equation of the circuit is:

dv;mt (t)

RC
dt

+ Vout(t) = V; (t)
Transforming to the Laplace domain:

Vout(s)(sRC + 1) = Vi (s) + RCv(07)

_ Via(s) n RCwv(07)
 SRC+1 sRC+1

Inserting the Laplace expression for Vj,(s):

‘/out(s)

ed2mfitp RCv(07)
‘/out(s) = - +
(s —j2nfi)(sRC +1) sRC+1
Define RC' = ﬁ
eI2mfite . o f,.. v(0~
Vo (5) = f (07)

(5 _jQWfi)(s+27Tfrc) 5+27Tfrc
Performing partial fraction expansion:

1 ed2m fitp 1 ed2m fitp v(07)

Vout(s) = - - +
out( ) l—i-j%‘s_]Qﬂ-fi 1+j%8+277frc 8+27Tfrc
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Transforming back to the time domain:

1 1 ,
Vout(t) — 76j27rf2tp6]27rf1 o 7ej2ﬂ'fitp€*2ﬂ’frct + U(Of)ef2ﬂfmt (B].O)

1+ 54 1+ 54
Or in different form:
ej27rfit _ 6727rfmt

Vour(t) = 0(07 )e et = eIty (B.11)

1+ 54
B.2 Single Balanced Difference Equation

The differential equations for the single balanced Tayloe mixer are given by:

RONert®) Ly (1) = Vin(t) 1o +nTs <t < t1 +nT, (.12
Vout (t) = Vour(nTs + t1) i+ nTs <t <t0+ (n+ 1)T, '
Assuming a sinusoid input: '
Vin(t) = /i (B.13)

For phase 0 equation B.11 is used to calculate the final value at nTs + t1, therefore t = pgT
and t, = nT + to:

ej27rfip0Ts _ *ZWfrchTs

Vour(nTs + t1) — e 2 IrePoTs Vo (nTy + tg) = e/2rfilnTtto) —(B.14)

fi
L+77%

For phase 1 the difference equation is trivial:
Vout((n + I)Ts + to) = Vout(nTs =+ tl) (B.15)

Combining the two difference equations:

j2m fipoTs _ _27TfrchTs i .
Vour(n+ 1) Ty +to) — e~ 2P0 Doy (0T +t) = = ; eI 2mfinTs gi2nfito (B.16)
L+i7:
By using the substitution E, = V,(nTs + t1) this equation can be solved using the Z-
transform:
j27rfip0Ts — 727TfrchTs
=27 frepoTs _ ¢ ? j27 fit
2By (2) — e “MrePOis B (2) = ! +]f PO elemlito (B.17)
1) input sinusoid
1\Je
En(2) = Ci(f:) - . ed2mfito (B.18)

(Z — 6_27TfrchTs)(z — e]27rfiTs)
Doing partial fraction expansion:

En(z) =

() 1 z n 1 1
144 ej27rfiTs — e*QWfTCPOTs z — ej27rfiTs e*QWfTCPOTs — ej27rfiTs z — e*27rfrchTs

eJ2rfito

steady state initial value

(B.19)
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When we are applying this in the frequency domain, the initial value response is not impor-
tant. When doing a frequency domain approach we assume that the sinusoids making up the
input signal have been on the input of the circuit for all time. We are not interested in startup
phenomenon. Therefore, the value of E,, in the time domain at the ¢y time instants is given
by:

eﬂﬁfﬂ?oTs _ 6_27rfrchTs 1

_ — g2 finTs j2m fit
En = Vou(nTs +10) = = porpm— i I A el (B.20)

Since the input is defined as Vj,(t) = e/2fi*, we can define a sort of transfer function relating
the value of V,,;; at the instant ¢ to the input sinusoid. This transfer function is defined as Gg
in the following way:

‘/out(nTs + tO) = GO(fi)ejQﬂ—finTs (B21)
G(fz) _ e]%wfiéOTs _ 67727TfrchTs 1 | (B22)

e]QszTs —e 27 frepoTs 1 +]%
Go(f:) = G(fi)e?*mTito (B.23)

Then from equation B.14 the expression for the other switching instants is reconstructed:

Vout (1 + 1) Ty + to) = Vour(nTs + to)e?* i Ts (B.24)
— Go(fi)eﬂﬂfiTsej?Trfst (B.25)
_ G(fi)eﬂ’rfi%ﬂ”fst (B.26)
Vout(nTs +t1) = Voue((n+ 1)Ts + o) (B.27)
— G(fi)eﬂﬂfihej?meTs (B.28)
In summary: '
Vout (nTs + ) = Gp(fi)e??™inTs (B.29)
ejZWfihTs _ 6_27rf'rchT9 1
G(f;) = — B.30
(fi) 2 fiTs — g—2nfrhTs | +j% (B.30)
Go(f:) = G(f)e*™ it (B.31)
G1(fi) = G(fi)e?*™ it (B.32)
Ga(fi) = G(fi)e™ it (B.33)
Figure B.1: Tayloe Mixer Single Balanced Gy,
B.3 Double Balanced Difference equation
The differential equations for the double balanced Tayloe mixer are given by:
ROewt®) |y (1) = Vip(t)  ,to+nTy <t < tl+nT,
Vout(t) = Vour(nTs + 1) gt +nTs <t <t2+nTs
dVour (t) (B.34)
RC=2552 + Vous(t) = =Vin(t)  to +nTs <t < t3 + nT,
Vout(t) = Vour(nTs + t3) Jts+nTs <t <t0O+ (n+1)T
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Assuming a sinusoid input:

Vin(t) = e« (B.35)

paragraph For phase 0 equation B.11 is used to calculate the final value at nTs + t1, therefore
t = poTs and t, = nT + to:

€j27rfip0Ts _ e*ZWfrchTs

2 fi(nTs+to) (B.36)
- fi ’
L+77;

‘/out(nTs + tl) _ e—QWfrcpoTs‘/;)ut(nTs + to) —

For phase 1 the difference equation is trivial:

%ut(nTs + tQ) = ‘/;)ut(nTs + tl) (B37)

paragraph For phase 2 equation B.11 is used to calculate the final value at nTs + t3, therefore
t = poTs and t, = nT + to:

€j27r.fip2Ts — 6727Tfrcp2Ts

Vout (nTs + t3) — e~ 27 frep2Ts Vour(nTs + t3) = — eI2r fi(nTs+t2) (B.38)

1+ 4
For phase 3 the difference equation is trivial:
Vout(n+ 1)Ts + to) = Vour(nTs + t3) (B.39)

Combining the four latter equations reduces the order to two:

ejgﬂfiPOTs _ 6_27rf7'cp0Ts

V;)ut(nTs 4 tl) — ej27rfstej27rf¢to + e*ZTl'frchTs V;)ut(nTs + tO)

1+ 4
(B.40)
J2nfipeTs _ =27 frep2Ts ) .
V;)ut((n + 1)Ts + to)_e—27rfrcp2TaV0ut(nTs + tl) — _6 " .€f~ 6327rfst€]27rf¢t2
+ jd
fre
(B.41)

Substituting for Vg, (nTs + t1) yields a single difference equation:

Vout((n + 1)TS + t())—6727rf”(p0+p2)Ts ‘/;)ut(nTs + t()) =

J2mfip2Ts _ =27 frep2Ts ]
¢ e e )27 fi(po+p1)Ts o527 fi(nTs+to)

1+ 4 (B.42)
€j27rfip0Ts _ 6727Tf'rchOTs

+ 6_27rf7“cp2Ts ej27rfi (nTs+t0)

1+ 4

%ut((n + l)Ts + tO) o e—27rfrc(P0+p2)T5V0ut(nTs + tO) —

127 fip2 T —27 T 27 fi (po+p1) T j 27 fipo T —27 Ts\,—2m T.
_(6] fzp2 s — e frcp2 s)e,] fz(pO pl) s 4 (e] fpo s — e frch s)e f'rcp2 SejQWfi(nTs+t0)

1+ 4=
(B.43)
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APPENDIX B. DERIVATIONS Master Thesis

Now we apply the restricting conditions for double balanced operation: py = p2,p1 = ps3, po+
p1 = %>p2 +p3 = % The resulting difference equation becomes:

‘/out((n + 1)Ts + tO) - e_QWfTCZPOTS ‘/out (nTs + tO) =

<6j27rfip0Ts _ 6*27rfrchTs)<_€j27rfi%Ts + 6727Tf7‘8p0TS)

eI2mfinTs o327 fito (B.44)
1+ 4

By using the substitution E, = Vg, (nTs + t1) this equation can be solved using the Z-
transform:

2B, (z)—e Tl B (5) =

o B o p1m _
(eﬂﬂfzpoTs e QﬁfmpOTsx_e]zwleTé +e 27Tfrcp0Ts) z eI 2 fito (B.45)
1454 z — eJ2mfiTs '
fT‘C
o input sinusoid
2\Ji
z 27 f;
Ba(2) = Calf) s (B.46)

(z — 8_27Tfrc2P0Ts ) (z — ej27rfiTs )
Doing partial fraction expansion:

En(z) =

1 z 1 1

) J2m fito
- - + - (&
Ca(fi) €2 fiTs _ =21 fre2p0Ts 5 _ oi2nfiTs = =27 fre2p0Ts _ oi2nfiTs 5 _ =27 fre2poTs

steady state initial value

(B.47)

When we are applying this in the frequency domain, the initial value response is not impor-
tant. When doing a frequency domain approach we assume that the sinusoids making up the
input signal have been on the input of the circuit for all time. We are not interested in startup
phenomenon. Therefore, the value of E,, in the time domain at the ¢y time instants is given
by:

(ejQﬂ—fipOTs — 6_27rfrcp0Ts)(_6j27rfi%TS + e—QWfrcpoTs) 1

— — 327 fi(nTs+to)
En - Out(nTs +t0) - 6j27TfiTs _ 6—27Tch2p0T5 1 i ]%6
(B.48)
Jj2mfipoTs _ =27 frepoTs 1 .
E, = Out(nTs + tO) — _€ € e]27rf¢(nTs+to) (B.49)

. 1 1
ed2mfizTs _ pg=2nfrepoTs 1 + ]%

Since the input is defined as Vi, (t) = e/2™fi* we can define a sort of transfer function relating
the value of V,,; at the instant ¢ to the input sinusoid. This transfer function is defined as Gg
in the following way:

Vout(nTs + tO) = GO(fi)ejQﬂfinTS (B50)
ejzﬂ'fipO,Ts _ e_ZWfTCPOTS 1
el2mtigTs _}_67271’]%6;00TS 1 +]f72
Go(f:) = G(f;)e*™ it (B.52)
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B.3. DOUBLE BALANCED DIFFERENCE EQUATION Master Thesis

The difference equation for phase 2 (equation B.38) can be formed from the difference equa-
tion for phase 0 (equation B.39) by substituting e/?7fito = —ei27fit2 The same substitution in
equation B.52 results in the expression for Ga(f;):

Vout (nTs + ta) = Go(f;)e?*™ /T (B.53)
= —G(f;)evitzei?mfinT (B.54)

Now equations B.37 and B.39 give the expressions for G1, G3 and Gy:

Vout(nTs + t1) = Gy (f;)e?™FinTs (B.55)
= —G(f;)el* itz 2mfinTs (B.56)
Vout (nTs + t3) = G3(27 f;) el 2 finTs (B.57)
= G(fi)ejzﬁfit“eﬂ”fi"n (B.58)
Vout((n + 1) T + to) = Gu(f;)e>™ s (B.59)
= G(f;)e?mitsi2r finTs (B.60)
In summary:
Vout(nTs + tg,) = Gp(w;)e?*inTs (B.61)
1 i fre
G(fi) = —emplof — _moffg ! (B.62)
22T 4 TPOTs 1+ch
Go(f;) = G(f;)e?mIit0 (B.63)
Gi(fi) = =G(f;)e*™ I (B.64)
Ga(fi) = —G(fi)e*™ " (B.65)
G3(f;) = G(f;)e*Iit (B.66)
Ga(fi) = G(fi)e /it (B.67)

Figure B.2: Tayloe Mixer Double Balanced Gy
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