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ABSTRACT OF THE DISSERTATION

Monolithically Integrated Time-varying Transmission Line (TVTL)

for Signal Processing

by

Qianteng Wu
Doctor of Philosophy in Electrical and Computer Engineering
University of California, Los Angeles, 2019

Professor Yuanxun Wang, Chair

In-band jammer/interference that cannot be isolated by a filter in today’s RF system could
easily desensitize and saturate RF front-end. Performing signal processing directly at the RF
front-end could reduce the in-band jammer/interference prior to the receiver to prevent the
jamming, which enables the RF system has the ability to operate in the unpredicted and high
interference environments. However, implementation of the signal processing block at the RF
domain is usually challenging due to the insertion loss and noise introduced through the RF
signal processing device could significantly degrade sensitivity and dynamic range of the
receiver. Time-varying transmission line (TVTL), a novel RF circuit, which is time-varying
capacitance periodically loaded on a transmission line, provides unique properties of low noise,
low loss frequency conversion, broadband, and high power handling capability, provides a new

solution enabling the RF signal processing at the RF front end. Meanwhile, the TVTL circuit can



be integrated into the modern Monolithic Microwave Integrated Circuit (MMIC) technology,
which offers small physical dimensions and has the compatibility with other circuit blocks.

In this thesis, TVTL’s theory and implementation are first introduced and studied. M-
derived TVTL is designed and fabricated on MMIC and two types of correlators, open loop
correlator, and closed loop correlator, based on the TVTL are studied, implemented and verified.
Both frequency domain correlation tests and time domain decoder tests are carried out to validate
the designed correlators. At the last, two advanced TVTL structures are proposed for the purpose

of improving the power efficiency and conversion gain.
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Chapter 1

Introduction

The complicated EM environment in today’s wireless system imposes great challenges for
designing RF receivers. Sensitivity and dynamic range of the RF front-end could be significantly
degraded when the RF receiver is exposed in unpredicted or unregulated EM environments as in-
band jammer and interference cannot be filtered out. This issue can be solved by performing RF
signal processing like correlation at the RF front-end as the spread spectrum system, such as the
direct sequence spread spectrum (DSSS) system [1, 2], provides high processing gain, which
enables the system to be immune to large interferences. Recently, the time-varying transmission
line (TVTL) [3, 4, 5] is proposed, which carries properties such as broadband and low noise non-
reciprocal frequency conversion, parametric amplification [6]. These properties make TVTL
very suitable to work at the RF front-end [7, 8, 9, 10] and to realize complex signal processing

functions, such as correlation directly at the RF domain [11].

1.1 Overview of Wireless System

Commercial systems usually use Frequency-division duplex (FDD) to separate receiver
(RX) and transmitter (TX) as shown in Figure 1.1-1 and make carefully control and planning
through standards, like cellular networks, to avoid in-band interference. Thus advanced digital
signal processing could be employed in the baseband domain for performing complex algorithms,
such as sorting out users and demodulate signals. In the unplanned and uncontrolled EM

environment, in-band jammer and interference that cannot be blocked out by filter could easily



saturate and desensitize RF front-end, break down the signal-to-noise ratio (SNR) of the received

signal and dynamic range of the receiver, which causes receiving failure.

To protect the receiver, received signals should be interrogated prior to the receiver as
indicated in Figure 1.1-2, so signal processing in the RF domain is desired and necessary. In [12,
13, 14, 15], the N-path mixer is served as the first stage to reject the blocker. In [16, 17],
interference is rejected by employed a positive feedback. By using the orthogonal codes and
performing correlation at the RF domain, unwanted interference rejection and extra isolation
from TX to RX could be obtained. Also, by using a correlator or mixer as the first stage in the
receiver, local oscillation frequency could be changed to the desired band accordingly, thus this

configuration could be used in software-defined radio (SDR) or cognitive radio (CR).
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Figure 1.1-1. Scheme for duplex the RF signal by using the diplexer.
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Figure 1.1-2. Commercial systems vs. unregulated environment systems.

A simultaneous transmit and receive (STAR) RF front-end architecture is proposed [18] for
the receiver working in the unpredicted environment and enabling the transmitting and receiving
at the same time is shown in Figure 1.1-3. TX correlator and RX correlator works as an RF
encoder and decoder that reject the interference by using the orthogonal codes. Also, in this
configuration, the circulator [19] [20] and RF correlator [9] [11] [21] could implemented by
using the TVTL based components because of its unique properties, low loss, broadband, and

low noise, the entire system could be benefited.
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1.2 Time-varying Electromagnetic Devices

The time-varying electromagnetic device is formed when part of the boundary condition
becomes time-varying. The fast varying impedance of semiconductor or electromechanical
devices in a microwave structure forms an interesting class of time-varying electromagnetic
devices. The time-varying circuit is in the middle of the active circuit and the passive circuit
which is capable of avoiding the noise, power handling and power consumption issues associated
with active transistor-based circuits while retaining the phase stability of in a typical structure.
The time-varying operations are often introduced through the time-varying transmission line

(TVTL).

1.3 Dissertation Outline

In this discussion, the time-varying transmission line’s theory is first introduced in chapter
2, which includes parametric conversion gain and noise figure derivations. Meanwhile, TVTL’s
design procedure and implementation are presented, including both PCB and MMIC designs,
which verifies the TVTL theory. In chapter 3, two correlators, open loop correlator and closed
loop correlator, are designed and discussed in the perspectives of the operating principle,
bandwidth and noise performance. And these two proposed correlators are validated by various
tests including the frequency response, noise figure, correlation test, etc. and a brief comparison
between two correlators is presented. Finally, in chapter 4, two advanced TVTL structures are

introduced, which helps to lower the power consumption and boost the conversion gain.



Chapter 2

Basic of Time-varying Transmission Line and Its Implementation

Time-varying transmission line (TVTL) was first explored by P.K. Tien in 1958 [22, 23]
and proved can be used for parametric amplification [24] and frequency mixing [25, 26] with
intrinsic low noise [27, 28, 29]. The name of the TVTL should be differentiated with the classic
nonlinear transmission line (NLTL) [30, 31] which finds its applications in pulse shaping, like
pulse narrowing and pulse sharpening, and harmonic generating because of its favorable
properties. The main difference between the TVTL and NLTL is that TVTL works in the linear
region with limited bandwidth and variation is controlled by a carrier pump but NLTL only

works for a large single tone or pulse.

2.1 Time-varying Transmission Line Theory

Figure 2.1-1. shows the lumped-element model of the time-varying transmission line, it is
the same with the conventional transmission line but with time-varying capacitance. The
distributed inductance L' is represented by a series inductor and capacitance C’(z, t) varying as a
function of time and space is represented by a shunt capacitor. This lossless lumped-element
model consists of an infinite series of the infinitesimal elements shown in Figure 2.1-1, and the
value of the components are specified per unit length.

L L L L L
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Figure 2.1-1. Lumped-element model of the time-varying transmission line with time-varying

capacitance.

Applying the telegrapher’s equations, thus can have:

av(zt) _ _r di(z,t)
0z at
dizt) _ _ d[c’' @t v(zb)] (2.1-1)
az ot

Rearranging the equation of Eq. (2.1-1), Eq. (2.1-2) could be obtained.

%v(zt) % a2[c’ (zt)v(z,t)]
az2 at2

(2.1-2)

In the lumped-element infinitely long TVTL model, the capacitance per unit length is
assumed to be modulated linearly by the voltage v, across it and the variation of the capacitance

can be expressed as:
C(vc) = CO + C1 . vc (21'3)

Where the C, is the mean capacitance per unit length, C, is the linear capacitance variation
versus the voltage per unit length. Usually, linear capacitance variation cannot be acquired in
practice, but the mean capacitance and the first capacitance variation coefficient could be
calculated by performing Fourier Series as these time-varying capacitance are usually modulated
by a single tone carrier, a periodic signal. The first two coefficients are shown in Eq. (2.1-4):

Co = if_”nC(Vb +V, - coswt) - dw,t

1 o (2.1-4)
C, = ;f_n C(Vy +V, - cosw,t) - cosw,t - dw,t



Where the V,, is the biasing voltage and V, is the amplitude of the modulation signal with a

frequency w,.

2.1.1 Four-wave mixing solution

When a small signal with frequency wg enters from the left side in Figure 2.1-1 and the
time-varying capacitance is modulated by a large pump carrier with a frequency w, that
propagates in the same direction with the small signal, at each distributed node, the
intermodulation tones at m - w. + n - wg, m,n € Z would be generated. One may obtain the
solution of Eq. (2.1-2) by only allowing limited tones. When only four tones w,, ws, Wq—g, W45,
are considered as shown in Figure 2.1-2, the following solution Eq. (2.1-5) can de derived

which is called a four-wave mixing solution.

(@ =V cosz - £B:2)
{ @) =2 Eesinh gp,2) (21-5)
k Vers(2) = \/_— ) B;:S Sin(ﬁ - $PBsz)

Where the V, is the amplitude of the original incident signal and ¢ is the capacitance

modulation index defined as:
£=0CV,/C, (2.1-6)
Voltage conversion gain can be expressed as in Eq. (2.1-7):
Gers(2) = 5 - Pe2sin( 5 - £B,2) (21-7)

Voltage gain for the original signal can be expressed as in Eq. (2.1-8):



Gs(2) = cos(55 - £Bs?) (2.1-8)

Eq. (2.1-5) indicates the gradual energy transformation. Signal gradually decays along the
propagation, upper and lower converted signals gradually increase along the propagation. For
the converted signal, if the capacitance modulation index is large and the transmission line is
long, the conversion gain could greater than one. Also, this energy coupling is nonreciprocal. If
the time-varying capacitance is modulated by a traveling-wave carrier input from the left side in
Figure 2.1-1, energy will convert from the signal and carrier to the frequency-converted signal.
However, if the signal and carrier travel in the opposite directions, there is no energy

conversion between the signals.

L L L
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Figure 2.1-2. Lumped-element model of the time-varying transmission line with a four-way

mixing condition.

2.1.2 Three-wave mixing solution

If the solution is restricted to three tones [32] to w,, w,, w._s as shown in Figure 2.2-3, Eq.

(2.1-9) gives the solution of the three-wave mixing solution:



Vs(2) = Vy - cosh(; &y/BsPes?)
Vers@) = Vo - [P sinh e Fofes?)

(2.1-9)

Voltage conversion gain can be expressed as in Eq. (2.1-10):

Gers() = [Esinn G 6B (2.1:10)

Voltage gain for the original signal can be expressed as in Eq. (2.1-11):

Gs(2) = cosh(;§y/BsBe-s2) (2.1-11)

As seen from Eq. (2.1-10) and Eq. (2.1-11), both original and lower sideband converted

signals have the exponential amplification along propagation.

@,

o, "":—.-—T .
1

Figure 2.1-3. Lumped-element model of the time-varying transmission line with a three-way

mixing condition.

2.1.3 Noise performance of time-varying transmission line

Ideally, the TVTL should not introduce any noise since all components are reactive and
lossless. In practice, both the transmission line and time-varying capacitance have a finite quality

factor (Q) so that the thermal noise could be generated, which would degrade the noise

10



performance of the TVTL. The thermal noise generated by the ohmic resistive contributes to the
total noise performance, characterized by the noise figure (NF) or noise factor, in two ways. The
first one is the TVTL’s resistive thermal noise from the original signal w, that converted to the
converted band w4, the second mechanism is the resistive thermal noise from the converted
band w4 that directly emitted to the output. From [3] Eq. (34), the noise factor of a low loss

TVTL can be expressed by Eq. (2.1-12).

(1—e~2%cts?)

— l _ p—205Z
F—1+3(1 e )+ N9o)?

(2.1-12)

Where N g, represents the conversion gain of the TVTL with N units and its value is equivalent
to G.15(2) in Eq. (2.1-7) for the four-wave mixing condition or G._;(z) for the three-wave
mixing condition in Eq. (2.1-10). a; and a4 are the attenuation constants of the transmission
line at frequencies wg and w 4. When the loss is small, the following approximation could be

applied:

= bz

1—e2%? ~ 2q,z = 2
. (2.1-13)

1— e 2%ess? x 2,447 =
cts

Where Q, and Q.. are the quality factors of the transmission line at the frequencies of w; and

wc+s Separately. Rewrite Eq. (2.1-12):

F=1421524 1 Pes (2.1-14)
3 Qs Gc Qcis

Where the G, is the conversion gain, equals to G.45(z) for the four-wave mixing condition or

G._;(z) for the three-wave mixing condition, of the TVTL.
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In Eq. (2.1-14), 1 represents the noise contributed from the source termination, i%

N

represents the noise contribution from the transmission line’s thermal noise from the original

signal band and Begsz represents the noise contribution from the transmission line’s thermal

G_c2 cts
noise at the converted band. Given by Eq. (2.1-14), the noise factor of the TVTL could achieve
only one-third of the original transmission line’s noise factor when the conversion gain of the

TVTL is large and the transmission line is long.
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2.2 Circuit Realization of Time-varying Transmission Line

In the real circuit implementation of the TVTL, time-varying capacitance is realized by
reversed biased varactor diodes and the TVTL is realized by transmission line with periodically
loaded varactor diodes. For the purpose of decreasing the area, improving power efficiency and
conversion gain, inductor-pumped TVTL, and M-derived TVTL are developed. A detailed

discussion is followed.

2.2.1 Prior work

The most prior work [7] is shown in Figure 2.2-1, which is a PCB version TVTL. Figure
2.2-1(a) and Figure 2.2-1(b) show the 3-D implementation and planar implementation of the
PCB version TVTL. The schematic is very straightforward which is the transmission line with
periodically loaded varactor diodes. Good matching could be achieved by properly designing the
Bloch impedance of the periodic structure. After the passband of the periodic structure is
determined, the capacitance of the varactor diodes, length and characteristic impedance of the
transmission line can also be calculated. The biasing point of the varactor is chosen to be having
the varactor diode’s the best modulation index &. This TVTL uses fully differential structure, the
carrier, and the signal are both in the differential fashion and propagate in totally separate paths,
so good isolation between carrier and signal is achieved. The practical implementation of the

PCB version TVTL is shown in Figure 2.2-1 (c).

gt Bonding wires  Bonding wires
= C+ S+ XC- C+4 S- C-
C- \Varactor diodesf/
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(a) (b)

(©
Figure 2.2-1. (a)3-D implementation of the PCB version TVTL, (b)Planar implementation of

the PCB version TVTL, (c)Fabricated PCB version TVTL.

In order to minimize the size, MMIC version TVTL is also designed and fabricated,
schematic and layout are shown in Figure 2.2-2(a) and Figure 2.2-2(b). Because of a lack of
flexibility on the MMIC design, carrier and signal need to be combined through an external

combiner and fed into the TVTL. Meander line is used to minimize the size of the chip.




Figure 2.2-2. (a)Schematic of MMIC version TVTL, (b)Layout of MMIC version TVTL

(0.2um GaN HEMT technology, size of the chip is 1.5mm - 2.5mm).

2.2.2 Inductor-pumped and M-derived TVTL

From Eq. (2.1-7) and Eq. (2.1-10), the conversion gain is strongly related to the modulation
index ¢ of the capacitance. A large modulation index ¢ could be realized by a large carrier power
which is not power efficient, a better way is to use inductor-pumped structure as shown in Figure
2.2-3 to boost &. A small inductor is placed in series with the varactor diode to create a resonance.

Eq. (2.2-1) and Eq. (2.2-2) show how it works.

Figure 2.2-3. A single unit of the inductor-pumped structure.

In Eq. (2.2-1), V, is the applied carrier voltage amplitude and V; is the voltage amplitude
across the varactor diode. By creating a series LC resonance between the inductor L and the
varactor, as w?LC, approaching to 1, the modulation voltage V, across the varactor could be
significantly increased and resulting in an effective capacitance modulation &' as shown in Eq.

(2.2-2).

Va _ 1/(wcCo) _ 1 ]
Ve  jwel+1/(jweCo)  1-w2LC, (2.2-1)
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_ 1
1-w2LC,

§' $ (2.2-2)

Even though the capacitance modulation index could be increased by adding an inductor,
the structure of the inductor-pumped TVTL suffers two drawbacks. First, by adding the series
inductor, the bandwidth of the TVTL will be changed and shrank because of the resonance.
Second, the transmission line could still occupy a large chip area. The M-derived TVTL
overcomes these problems. Figure 2.2-4 shows the schematic of the M-derived TVTL which
replaces the transmission line with the inductors. The design procedure follows the filter design
method as image parameter method [32], by designing the M-derived filter section, the cutoff

frequency, capacitance value, and inductor values could be determined.

Figure 2.2-4. Schematic of the M-derived TVTL.

The M-derived TVTL is designed on MMIC and fabricated with Global Communication
Semiconductors (GCS) InGaP HBT process. The fabricated TVTL chip is shown in Figure 2.2-5,
which is composed of 10 periodic M-derived units series connected in the middle and two
matching units at both sides. Varactor diode’s |-V curve is shown in Figure 2.2-6, the average
capacitance of the varactor diodes is designed to be around 0.45pF with the size of 3 - 10um -
50um. The series and shunt inductors are designed to be 1.2nH and 0.3nH separately. The

overall chip size is 4020um - 1520um.
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Figure 2.2-5. Layout of the fabricated 10-unit M-derived TVTL.
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Figure 2.2-6. The I-V curve of the varactor diode with the size of 3 - 10um - 50um.

The cutoff frequency of this TVTL is designed to be up to 5.5GHz. Figure 2.2-7 shows the

simulated and measured S-parameter with the biasing voltage at —2.8V and —4V.

17



Magnitude, dB

Magnitude, dB

L] ——Measured return loss (S11)
-50 ¢ ' |- - Simulated return loss (S11) ]
——Measured insertion loss (S21)
= = Simulated insertion loss (S21)
_60 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Frequency, GHz
(@)
0 ---------
-10
-20
-30 h
1
1
1 \ 1 :
1 i
-40 - \ . "
I I !
[ 1 ¢
'] I 7
50 F ! ——Measured return loss (S11) ! !
: = = Simulated return loss (S11) : i'
——Measured insertion loss (S21) }
= = Simulated insertion loss (S21) f
_60 1 I I I 1 1 1
0 1 2 3 4 5 6 7 8

Frequency, GHz

(b)
18



Figure 2.2-7. (a)Simulated and Measured S-parameter of the TVTL with varactor biased at

—2.8V, (b)Simulated and Measured S-parameter of the TVTL with varactor biased at —4V'.

The conversion gain is measured by Performance Network Analyzer (PNA-X) that has the
build-in mixer and noise figure measurement function. Both carrier and signal are combined
through an external diplexer and fed into the TVTL. At the output of the TVTL, another diplexer
is used to separate carrier and the converted signal, conversion gain is examed by PNA-X. A bias
tee is added to bias the TVTL to be at—2.8V, the input signal is measured from 0.6GHz —
1.2GHz with power of —10dBm and pump carrier is at 4.3GHz with power 27dBm. The solid
black line in Figure 2.2-8 shows the conversion gain of the TVTL after the de-embedded losses
of the input and output diplexers, the blue dash line is the simulated conversion gain by using
Advanced Design System (ADS) Harmonic Balance (HB) simulation, the red dash line is the
theoretical conversion gain predicted by Eq. (2.1-7), a four-wave mixing conversion condition,
with an additional loss factor e=*# included, where the « is an attenuation constant that averages
both the original signal and converted signal propagation loss. The results show an overall less
than 2.5dB conversion loss for the entire band and a positive conversion gain from 0.6GHz —

0.75GHz.
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Figure 2.2-8. Measured, simulated, and theoretical conversion gain of the designed M-derived
MMIC TVTL under the varactor biased at —2.8V and carrier frequency at 4.3GHz with power of

27dBm.

Low-noise and high-sensitive receiver in PNA-X enables its noise figure measurement
ability. The test setup is very similar to the conversion gain measurement besides two bandpass
filters are added. The first bandpass filter is connected after the carrier source and before the
diplexer to filter out the noise from the carrier source at the converted band w._;, the second
bandpass filter is connected at the TVTL’s output diplexer for protecting the PNA-X’s receiver.
Because of the availability of the filters, the input signal is from 0.76GHz — 0.79GHz with the
power of —10dBm and carrier power is set to 27dBm at 4.3GHz. Figure 2.2-9 shows the

measured, simulated, and theoretical predicted noise figures. Simulation is finished by ADS HB
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and the theoretical result is calculated according to Eqg. (2.1-14). An average measured noise

figure of 2.8dB is observed in the entire frequency range.

8 :
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Input Frequency, GHz
Figure 2.2-9. Measured, simulated, and theoretical noise Figure of the designed MMIC TVTL

under the varactor biased at —2.8V and carrier frequency at 4.3GHz with power of 27dBm.

Another set of the conversion gain is measured under the condition of the carrier frequency
of 5.4GHz with the power of 25dBm and signal is from 0.8GHz — 1.2GHz with —10dBm
power. Based on S-parameter measurement results from Figure 2.2-7(b), the upper sideband of
the converted signal 6.2GHz — 6.6GH?z falls into the stopband of the TVTL, which enables the
TVTL works at the three-wave mixing condition as indicated in Eq. (2.1-10). Figure 2.2-10
shows the measured conversion gain, the simulated result which is simulated by ADS HB and

theoretical conversion gain predicted by Eg. (2.1-10) with an extra loss correction term, an
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additional loss factor e~*# that based on S-parameter result. The conversion gain is around
—2dB, compared with the conversion gain for the four-wave mixing condition at the same

frequency band, three-way mixing has a better power efficiency.

Conversion Gain, dB
N

-6 |—Measured conversion gain |
—-=Simulated conversion gain
-8 I |= = Theoretical conversion gain .
_ 1 O 1 I I
0.8 0.9 | 1.1 1.2
Input Frequency, GHz

Figure 2.2-10. Measured, simulated, and theoretical conversion gain of the designed MMIC

TVTL under the varactor biased at —4V and carrier power of 25dBm.
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Chapter 3

Correlator Operating Principle, Correlation Experimental Setup

and Results

In-band jamming/interference could be alleviated by performing direct correlation at the
RF front-end through coding and decoding. Usually, any operation at the RF front-end requires
low loss, low noise, and high power handling capability. The time-varying transmission line

(TVTL) based on correlator is proposed for this purpose.

3.1 Correlation at RF Domain

The basic correlation operation is depicted in Figure 3.1-1. The received signal is
multiplied with a reference signal, and the product of these two signals is fed into an integrator

which integrates over a specific time interval.

Coded Signal } Correlation Qutput

Reference/Carrier Code

Figure 3.1-1. Correlation operation.

A detailed RF signal processing diagram is shown in Figure 3.1-2 which illustrates how the
correlator, an RF signal processing block, is capable of rejecting the jammer and noise. The

received signals at the antenna side are composed of three parts: desired signal, noise jammer
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and tone jammer. Multiplication is performed at the first stage in the correlator with a reference
code. Since the desired signal is correlated/coherent with the reference code that the wideband
desired signal is to be dispreaded into a narrow band signal. However, when noise jammer and
tone jammer are multiplied with the reference, these signals are spread out. After the
multiplication, all these signals are filtered by a high-Q bandpass filter that passes the desired
narrowband signal. Time domain and frequency domain signals are all depicted in Figure 3.1-2.
Signal-to-noise ratio (SNR) is increased proportionally to the reduction of instantaneous

bandwidth of the desired signal.
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~ Receiver
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Red: noise jammer Reference | ™"
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Figure 3.1-2. Signal processing at the RF domain.

RF correlators can operate as spread spectrum encoder/decoder for the benefits in rejecting
interferences. For the full system’s benefit, they must be placed in the very front of the RF

system, before Low Noise Amplifier (LNA) and after Power Amplifier (PA).
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3.2 Open Loop Correlator and Experimental Setup and Results

An open loop correlator is designed and tested in this session.

3.2.1 Open loop time-varying transmission line correlator

The Schematic of the open loop TVTL correlator is shown in Figure 3.2-1. Signal and
reference/carrier are combined, fed into the TVTL through a diplexer. The mixing is carried out
through parametric modulation at each varactor diode and the upconverted signal is combined
distributedly to form a positive gain. Integration is performed by a fixed frequency high-Q
bandpass filter added at the output of the TVTL, which also offers a bandwidth selection

property. The practical implementation of the open loop TVTL correlator is shown in Figure 3.2-

2.
_li ~_ ~_ fes % | Correlation
Signalin  f_| N\ TVTL ~~ | f ~_ | output
N N

diplexer diplexer %

Reference/Carrier in

Figure 3.2-1. Schematic of the open loop correlator.

25



signal carrier

Figure 3.2-2. Implementation of the open loop correlator.

3.2.2 Open loop time-varying transmission line correlator test setup and results

Comprehensive tests for the open loop TVTL correlator are performed in this session,

which includes frequency response, noise figure, P1dB, linearity, and correlation tests.

The bandpass filter used in this design has a center frequency of fzpr = 3.525GHz with
3dB bandwidth of 50MHz. The dash lines show the frequency-shifted versions of its S,; in
Figure 3.2-3. when the TVTL is placed in front of the filter while altering the reference/carrier
frequency f, it corresponds to select the correlation band of f. — fzpr. The reference/carrier is
changed from 4.2GHz — 4.7GHz and the frequency response of the correlator is shown in Figure
3.2-3 drawn with solid lines. The minimum insertion loss of the open loop correlator including
the output bandpass filter is 2.8dB at the reference/carrier of 4.4GHz. The measured noise figure
under the condition of reference/carrier at 4.3GHz is shown in Figure 3.2-4. The noise figure is
around 5.5dB which slightly larger than the conversion loss (4.2dB@4.3GH?z) of the entire open
loop correlator. The measured noise figure indicates that the TVTL chip does not introduce a

significant amount of noise which makes the property of the entire open loop correlator’s noise
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figure similar to a passive device. The input P1dB of the designed circuit is measured at 4.4GHz,

as shown in Figure 3.2-5, which reaches to a maximum value of 18dBm.
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Figure 3.2-3. Measured conversion gain of the open loop correlator after the bandpass filter

with varactor biased at —2.8V, reference/carrier power of 28dBm at 4.2GHz — 4.7GHz.
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Figure 3.2-4. Measured noise figure of the open loop correlator with varactor biased at —2.8V/,

reference/carrier power of 28dBm at 4.3GHz.
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Figure 3.2-5. Measured conversion gain of the open loop correlator versus input power with

varactor biased at —2.8V, reference/carrier power of 28dBm at 4.4GHz.

The two-tone /M3 test is carried out to derive the 11P3 by using Eq. (3.2-1), where the IM3
is the power difference between the main tone with the sidetone and P;,, is the power of the input
signal. Two-tone input frequencies are located at 870MHz&880MHz with 10MHz apart and
carrier pump power is set to 28dBm. The measured spectrum is shown in Figure 3.2-6 and the

measured /1P3 is equal to 20.7dBm.

IIP3 = =2+ Py, (3.2-1)
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Figure 3.2-6. Measured spectrum of the two-tone M3 test of the open loop correlator.

Correlation test and decoder test are carried out by modulating both the signal and
reference/carrier with correlated and orthogonal codes. Diagram of the test setup is shown in
Figure 3.2-7, Arbitrary waveform generator (AWG) generates two modulated signals, one is for
the received signal, another one is mixed to the reference/carrier band and amplified to the right
level. Both signal and reference/carrier are fed into the open loop TVTL correlator and the output

signal is observed by either oscilloscope or spectrum analyzer.

Code RF input

Signal

TVTL i
AWG Oscilloscope or

Signal K Correlator Spectrum analyzer
N *{ >—
A

carrier

Reference input
LO

Figure 3.2-7. Correlation test and decoder test setup.
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Binary Amplitude Shifting Keying (BASK), Binary Phase Shifting Keying (BPSK) and
Frequency Shifting Keying (BFSK) are used to exam the frequency domain correlation. For all
these three modulation schemes, the bit rate is set to 200M /s, integration bandwidth is equal to
50MHz which is the same as the bandwidth of the high-Q bandpass filter, and no pulse shaping

is applied.

The first frequency domain correlation test is carried out by modulating both the signal and
reference/carrier with correlated and orthogonal BASK code. The center frequencies of signal
and reference/carrier are at 0.8GHz and 4.4GHz separately. Repeated binary codes are mapped
to BASK as shown in Figure 3.2-8, the correlated codes for both signal and reference/carrier
used in the measurement are with the identical code, while the orthogonal codes are with the
flipped amplitude. Figure 3.2-9 shows the correlation spectrum at the output of the correlator. A
sharp peak is observed in Figure 3.2-9(a) when signal and reference/carrier are modulated with
coherent codes and synchronized in time. A minor spectrum regrowth is observed which is
caused by symbol misalignment. A notch is observed in Figure 3.2-9(b) when signal and
reference are modulated with orthogonal codes. Approximated 15dB correlation suppression is

thus obtained by comparing these two cases.

Amplitude Amplitude
signal signal
VDD VDD
0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
0 t/s 0 t/s
reference reference
VDD VDD
0 1 0 1 0 1 0 1 1 0 1 0 1 0 1 0
0 t/s 0 t/s

Correlated codes Orthogonal codes

Figure 3.2-8. Orthogonal and correlated BASK codes used in the correlation test.
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-20.08 dBm /30 MHz -94.85 dBm /Hz -34.65 dBm /30 MHz -109.4 dBm /Hz

(a) (b)

Figure 3.2-9. (a)Correlation spectrum of the signal and the reference/carrier modulated with
correlated BASK codes, (b)Correlation spectrum of the signal and the reference/carrier

modulated with orthogonal BASK codes.

Another frequency domain correlation test is carried out by using BPSK code. The center
frequencies of the signal and reference/carrier are at 0.8GHz and 4.4GHz separately. For the
correlated codes, the signal and reference/carrier are with the same phase shift, but there is no
phase shift for the orthogonal codes as shown in Figure 3.2-10. Figure 3.2-11 shows the

correlation spectrum of the two cases, by comparison, 44dB correlation suppression is achieved.

Phase/rad Phase/rad
signal signal
0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
0 t/s 0 t/s
. refetence . refefence
0 1 0 1 0 1 0 1 1 1 1 1 1 1 1 1
0 t/s 0 t/S

Correlated codes Orthogonal codes

Figure 3.2-10. Orthogonal and correlated BPSK codes used in the correlation test.
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Figure 3.2-11. (a)Correlation spectrum of the signal and the reference/carrier modulated with
correlated BPSK codes, (b)Correlation spectrum of the signal and the reference/carrier

modulated with orthogonal BPSK codes.

Figure 3.2-12 shows the orthogonal and correlated BFSK codes used in the frequency
domain correlation test. The center frequencies of signal and reference/carrier are at 0.8GHz and
4.4GHz separately, the frequency shift is set to 0.275GHz. Correlated codes are with identical
frequency shift, orthogonal codes are in complementary frequency shift. Close to 20dB

correlation suppression is reached as shown in Figure 3.2-13.

freq/Hz freq/Hz
signal signal

f4Af2 /2

0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
f-A/2 ps AP t/s

refetence refetence

frAf2 oAl

0 1 0 1 0 1 0 1 1 0 1 0 1 0 1 0
f-A/2 t/s  page t/s

Correlated codes Orthogonal codes

Figure 3.2-12. Orthogonal and correlated BFSK codes used in the correlation test.
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Figure 3.2-13. (a)Correlation spectrum of the signal and the reference/carrier modulated with
correlated BFSK codes, (b)Correlation spectrum of the signal and the reference/carrier

modulated with orthogonal BFSK codes.

The time-domain decoder is tested under the direct-sequence spread spectrum (DSSS)
scheme. Like frequency domain correlation tests, three different modulations, BASK, BPSK, and
BFSK are used and one symbol is composed of four chips with a chip rate of 200M /s. The
codes of the reference/carrier and signal for BASK modulation are depicted in Figure 3.2-14,
symbol 1 and symbol 0 are mapped into spread chips, and these two symbols are sent repeatedly.
Figure 3.2-15 shows the voltage waveform at the output of the designed correlator and the
envelope of the waveform with peak to valley ratio of 4: 1 with a symbol rate of 50M /s directly

shows the demodulated symbol.
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0 s t/s
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Figure 3.2-14. Reference/carrier and signal BASK codes used in the time domain decoder test.

(@) (b)

Figure 3.2-15. (a)Signal (blue) and reference (yellow) waveforms for time-domain decoder test,

(b)Waveform at the output of the correlator.

In the decoder test by using the BPSK codes, symbol 1 is represented by 4 chips of
—1,1,—1,1, and reference/carrier code is the same, symbol 0 is the continuous wave without
phase flip as shown in Figure 3.2-16. The envelope at the correlator output waveform shows the

demodulated symbol.
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Figure 3.2-16. Reference/carrier and signal BPSK codes used in the time domain decoder test.
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Figure 3.2-17. (a)Signal (blue) and reference (yellow) waveforms for time-domain decoder test,

(b)Waveform at the output of the correlator.

Figure 3.2-18 shows the spread sequence symbols of BFSK codes and Figure 3.2-19 shows

the demodulated symbols at the output of the correlator.
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Figure 3.2-18. Reference/carrier and signal BFSK codes used in the time domain decoder test.
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Figure 3.2-19. (a)Signal (blue) and reference (yellow) waveforms for time-domain decoder test,

(b)Waveform at the output of the correlator.
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3.3 Closed Loop Correlator and Experimental Setup and Results

A different setup of the correlator can be formed by closed loop TVTL. Similar to the open
loop TVTL correlator, the multiplication is fulfilled by the capacitive mixing at the varactors.

However, integration is now realized by creating a feedback path for the upconverted signal.

3.3.1 Ring resonance at lower sideband

The TVTL can be treated as a frequency mixer that exchanges frequency components [33]
from w, t0 w._ and vice versa. Assuming that the incident waves are at the frequencies of w,
w._g and in the same direction with carrier wave that is pumped at the frequency at w.. A
symbol of TVTL cross-coupling between w, and w._¢ under the carrier of w, is shown in Figure
3.3-1(a). The equation Eq. (3.3-1) shows the matrix of the coupling across different frequencies

at different ports.

We We
—_— —_—
— Wy —— ws |—> — Wy —> Ws |—

> - >

* % * %
N W5 —> W5 [—> We—s —>Wc—s

4

Z = /= = L=z

(a) (b)

Figure 3.3-1. (a)Symbol of TVTL showing the cross-coupling between w and w,._ under the

carrier drive at w,. (b)Symbol of TVTL with feedback from the output to input at w,_s.

[V*—(Z) ] t11 tlz) [Vs+(0) (3.3-1)

(2) tr1 ta2/ LV%(0)

In the four-wave mixing condition, the cross-coupling matrix could be expressed as Eq. (3.3-2).
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( t — COS(L\/_EB Z)e_(as‘l'jﬂs)z

;1 —(as+jBs)z
| e = i sinGhensa)e

BC S (ac—stjPc-s)z
1 =I5 A sm(z r—fﬁsz)e

\ try = Cos(ﬁgﬁc—sz)e (@c—s=jBc-s)z

(3.3-2)

In the three-wave mixing condition, the cross-coupling matrix could be expressed as Eq. (3.3-3).

1 _ .
( t11 = COSh(Z E\/ .Bs.Bc—sz)e (@s+jBs)z
.| Bs . 1 _ i
ti2 =) ’56_5 Slnh(z f\/ ﬁsﬁc—sz)e (@s+jBs)z

) (3.3-3)

. |Be=s 1 _ .
tyy = —j /_ﬁs smh(zf,/ﬁsﬁc_sz)e (ac-stjBec-s)z
1 _ .
\ try = COSh(Z ‘EV BsBc-sz)e (@c—s=jBe-s)z

If the output at w._ is coupled back to the input to form a feedback loop in a way
illustrated in Figure 3.3-1(b) and the condition that V" (z) = V*%,(0) holds. Substituting this

condition into Eq. (3.3-1) yields:

VZ(2) =ty - VE5(2) + tyy - VK (2)

= ty1 * V5(2) + tgy - V5(2) (3.3-4)

This leads to the following relationship:

V(@) =ty + ZE2F(0) = Gyt (0)

) L ) (3.3-5)
Vc—s(z) = EVS 0) = c—s,sVs (0)

Where G, ¢ is the voltage gain at the original signal frequency w; and G._; s is the cross
frequency voltage gain between the output signal at the frequency of w._, and the input signal at
the frequency of wg. If the feedback path builds a resonance at the frequency of w._; when the

loop meets the condition of B._;z = 2m, thus, 1 — t,, is close to 0, a sharp rising gain would be
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formed around the resonance for the lower side band of the upconverted signal. Usually, the
resonance frequency of the loop is fixed and at w._s. From Eqg. (3.3-5), it is evident that a strong
frequency selectivity at w._g is coupled to the RF signal at wg, which forms a strong notch
amplification that is tunable by controlling the carrier frequency. And conversion between the
original frequency at w and frequency at w._, in Figure 3.3-1(b) behaves like a tunable filter

but with a frequency shift.

3.3.2 Closed loop time-varying transmission line correlator

Initial simulation verification is carried out by using ADS HB simulation. The simulation
schematic is shown in Figure 3.3-2. An extra amplifier and a coupler are inserted in the feedback
loop for the purpose of changing the loop gain and sensing the converted band signal power
separately. Two LC parallel resonators resonate at converted signal frequency are add at the port

1 and port 2 to trap the signal inside the loop.

Port 3

Figure 3.3-2. Schematic of the closed loop correlator.

Both carrier and signal are combined and fed through the port 1. At port 2, the converted
signal is rejected and amplitude of the original signal is measured. At port 3, converted signal is

sensed by a 3dB coupler. The feedback loop is intentionally tuned to be resonated at the
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frequency of 3.5GHz, when the carrier f, is changing from the 4.3GHz — 4.7GHz with a step of

0.1GHz which corresponds to select input signal frequency of f. — 3.5GHz.

Figure 3.3-3 shows the gain of the tunable filter. Greater than 20dB gain and off band
suppression more than 35dB could be achieved. Figure 3.3-4 shows the gain of the tunable
amplifier, a maximum gain of 15dB is reached. Bandwidth could be altered by tuning the gain of
the inserted amplifier as shown in Figure 3.3-5, at the same time, the time constant of the loop

changes correspondingly from 0.02us — 0.1us.

— fc=4.3GHz|

20 - ——fc=4.4GHz|
fc=4.5GHz
fc=4.6GHz| |

— fc=4.7GHz|

Conversion Gain, dB

-10

20 Pl 5>
0.5 0.75

Input Frequency, GHz

Figure 3.3-3. Conversion gain of the tunable filter while altering the carrier frequency.
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Figure 3.3-4. Signal gain of the tunable amplifier while altering the carrier frequency.
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Figure 3.3-5. Conversion gain bandwidth versus the loop gain.

The high gain is reached when the loop gain close to 1. But in reality, instability and noise

oscillation must be avoided.
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The schematic of the implemented closed loop TVTL correlator is depicted in Figure 3.3-6.
Both received signal and reference/carrier are combined by a triplexer and feed into the TVTL.
Multiplication is realized by parametric mixing of the TVTL, a triplexer connected at the output
of the TVTL to separate reference/carrier, original signal, and converted signal. Integration is
performed by feeding back the converted signal into the input and correlation signal is extracted
in the feedback loop through a coupler. Integration bandwidth and integration time constant can
be controlled by changing the loop gain by an amplifier. The bandwidth of the correlator is
sustainable through the whole TVTL bandwidth. Because of the extra amplifier and coupler
inside the loop, the conversion gain could be revised as Eq. (3.3-6).

Correlation
output | Amplifier

— e

coupler

Fl
i

— TVTL
Signal in

< fc
AD triplexer triplexer

Reference in

&

000

W

Figure 3.3-6. Schematic of the closed loop correlator.

ty1°G,
’ _ _t21°Gg
Gc—s,s -

G, (3.3-6)

1_Gloop

Where the G50, = t22 * Gg * G, represents the loop gain which should be smaller than 1 to

avoid oscillation. G, denotes the gain of the amplifier, G; and G., are the insertion loss and

coupling coefficient of the coupler.
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Figure 3.3-7 gives the implemented closed loop correlator. MMIC coupler, an insertion
loss of 2dB and a coupling coefficient of 6.5dB, and amplifier are fabricated on the same InGaP
HBT process as the TVTL fabrication. Triplexer is designed by cascading two diplexers which

are designed by using the lumped components and microwave transmission lines.

Correlation output

coupler LNA

f

1
i
1
= !
1
i
1
=1
L

L

1 reference

signal

(o WUEE T

Figure 3.3-7. Implementation of the closed loop correlator.

The designed closed loop correlator operates at a four-wave mixing condition and resonates
around at w._g = 3.75GH. Figure 3.3-8 shows conversion gain with different carrier frequencies
tuned from 4.6GHz — 4.8GHz . The maximum positive gain of 6dB is measured at the
reference/carrier of 4.8GHz and close to 20dB suppression to the out of band signal. Figure 3.3-
9 shows the conversion gain while changing the loop gain at the reference/carrier frequency of

4.8GHz.
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Figure 3.3-8. Measured conversion gain of the closed loop correlator with reference/carrier

frequency tuned from 4.6GHz — 4.8GHz.
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Figure 3.3-9. Measured conversion gain of the closed loop correlator with different loop gain at

the reference/carrier frequency of 4.8GHz.

3.3.3 Noise analysis of closed Loop time-varying transmission line correlator

There are multiple noise sources that would contribute to the total noise power at the output
of the closed loop correlator and the noise factor calculation followed by first identifying each
individual noise source and its transfer function, then calculating the total noise power at the

output.

+ T

*N Gl.m—s Output ‘NG(UM—S

' \L/
j\’f'npuns
f_ /\/ T /\/ .
%—f ~Z TVTL ~Z [
T: N * N f. %
AD triplexer Nrm__s triplexer
*NTT}TI,__H.‘—S

Figure 3.3-10. Noise source of the closed loop correlator.

Figure 3.3-10 shows the noise generated by each component and detailed discussions are

followed:

Define Eqg. (3.3-7) as the conversion gain from converted signal in the loop to the original

signal.

Gllys =215 (3.3-7)

1_Gloop
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A. Noise from the input termination: input 50Q directly emits thermal noise into the loop
which is converted to the converted band. Its transfer function to the output is the same as the
signal cross frequency gain which leads to the output noise power:
|2

Noutput,in = KTB - |Gc"’—s,s (3.3-8)

B. Noise from the TVTL can be decomposed into two parts, the first part is the noise from

the signal band with equivalent noise power of KTB %E and its transfer function is equal to

N

G:s s, SO the noise power contributed by the TVTL from the signal band is:

_ 1Bsz " 2
Noutput,s =KTB - -—- |Gc—s,s|

e (3.3-9)

C. The second part noise from the TVTL is from the converted band and it would be

accumulated in the feedback loop. The transfer function with the equivalent noise source of

KTB - =l s

— _ t21°Gq
Toutput,c—s - Gc—s,s T 1-¢G (33-10)
loop

Then the output noise power is:

|2

1 BC—S
Noutput,c—s = KTB ) C_SZ' |Gc”—s,s (3.3-11)

[

D. Noise power contributed by the amplifier with the voltage gain of G, and noise factor of

F,. The transfer function of this noise to the output is:

Gq
Toutput,Ga =T (3.3-12)

1_Gloop
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And the noise power at the output is:

2
Noutput,Ga =KTB-(F,— 1) |Toutput,Ga| (3.3-13)

D. Noise from the insertion loss from the coupler with the noise factor of F, = 1/G# and

its transfer function is:

ty2'G'G
T, =227l 3-14
output,Gl 1-Gloop (3 3 )
And the noise power is:
2
Noutput,Gl = KTB - (Fl - 1) ' |Toutput,Gl (3-3'15)

The noise factor can be calculated by:

Noutput,in + Noutput,s + Noutput,c—s + Noutput,Ga + Noutput,Gl

FT - 144 2
KTB - |G|
1B,z 1 B._sz (F,—1 tyy * Gi|?
:1+_ﬁi+_2ﬁcs (a 2)+(Fl_1)' 22 l
3 Qs Gc Qc—s |t21| t21

(3.3-16)

The converted signal inside the loop would be sensed through the coupler, which the final
noise factor can be treated as two cascade stages, by applying Friis formulas for noise, the total

noise factor of the closed loop correlator is:

Feo—1

F,I'w = FT + a2 (33'17)

|Gc—s,s

Where F,, = 1/|G,,|? is the coupler’s noise factor at the coupling port.
48



Figure 3.3-11 shows the conversion gain/noise figure versus the loop gain G4, from

0.5 — 1.0, which indicates as the loop gain increases, the noise figure would be decreasing

accordingly. But as the loop gain getting close to 1, the circuit could be potentially unstable.
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Conversion Gain/Noise Figure, dB
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]

10 - 1
0r j
-10 ‘ ‘ ' '
0.5 0.6 0.7 0.8 0.9 1
Loop gain

Figure 3.3-11. Conversion gain/noise figure versus the loop gain of the closed loop correlator.

Figure 3.3-12 shows the measured, simulated and theoretical noise figure under the

conversion gain equals to —3dB and the minimum noise figure of 13dB is achieved.
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Figure 3.3-12. The measured, simulated and theoretical noise figure of the closed loop correlator

at the reference/carrier frequency of 4.8GHz.

By comparing these two TVTL based open loop and closed loop correlator, open loop one
usually has a better noise figure and closed loop correlator could achieve a much higher
conversion gain with build-in integration achieved by the feedback loop without needing an extra
filter. However, the loop gain of the closed loop correlator should be smaller than 1 to avoid self-

oscillation.
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Chapter 4

Advanced Time-varying Transmission Line (TVTL) Structures

Fundamentally, the TVTL should not consume any carrier power except the power that
converted to the converted bands. However, all previously designed traveling-wave TVTLS
dumped part of the carrier power on the 500 termination at the output and lossy transmission
line. By using the advanced TVTL structures, the carrier directly modulates the varactor diodes,
which saves carrier power and improves power efficiency. Meanwhile, in the new structure,

extra combiner for combining carrier and signal is not needed anymore.

4.1 Direct-pumped Time-varying Transmission Line

Figure 4.1-1 shows the schematic of the direct-pumped TVTL. Both signal and carrier
propagate in a differential fashion. On the carrier path, the carrier is split by a 90-degree hybrid
and then differentiated by a balun to create the matched phase that emulates the traveling wave
propagation on the TVTL. The carrier is directly fed onto the varactor diodes so that no power
wasted on 50Q termination and transmission line. On the signal path, the signal is fed into the
input port then differentiated by a balun. At the output, a diplexer is connected for the purpose of
terminating the original signal and separating the upconverted signal. Since the virtual ground
created on the diode bridge by the using the differential signals, no power leakage between the
signal path and the carrier path. Furthermore, the carrier frequency could be located at the cutoff
frequency of the TVTL, which could easily enable the three-way mixing and let upper sideband

converted signal falls into the stopband of the TVTL. At the same time, the carrier modulates
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each varactor with the same amplitude, unlike the traveling wave that the amplitude of which

would decay along on the transmission line.

The designed chip is fabricated by Global Communication Semiconductors (GCS) InGaP
HBT process. Figure 4.1-2 shows the layout of the fabricated TVTL chip. The size of this
designed direct-pumped TVTL is 10150um - 6393um. Signal in and out are located at the left
and right sides of the chip, the carrier is split by an extra 90-degree hybrid and fed into the upper

and lower sides of the chip.

Carrier @
X g0

= = =3
Signalin%é li’ﬁbf*{ﬂ Fg;q'{é}" ﬁ&ﬁ L‘%;J |{:}| %?J
PP o

} %Signal out
— W=D

S @l

Figure 4.1-1. Schematic of the direct-pumped TVTL.
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Figure 4.1-2. Layout of the direct-pumped TVTL.

In Figure 4.1-3, the solid black line is the measured lower sideband conversion gain around
0dB is achieved under the varactor biased at —4V, input signal frequency is from 0.5GHz —
1.5GHz with the power of —10dBm and carrier frequency at 5GHz with the power of 30dBm.
In the practical implementation, in order to split and differentiate the carrier and signal, extra
LC-based narrow band baluns and T-junction splitters are needed which could introduce
additional loss approximately equal to 5dB. Theoretical and simulated results are plotted for
comparison in Figure 4.1-3. The theoretical conversion gain is predicted by Eq. (2.1-10), three-

wave mixing condition, with extra propagation, baluns, and diplexer losses added.
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Figure 4.1-3. Conversion gain of the designed direct-pumped TVTL with varactor biased at

—4V, carrier power of 30dBm at 5.0GHz.

Figure 4.1-4 shows the noise figure results of the direct-pumped TVTL. The theoretical
noise figure is derived by first calculating the noise figure of TVTL structure in the middle of
Figure 4.1-1 and then using Friis formulas for the entire cascade stages by knowing the losses
from the diplexers and baluns. The measured noise figure signal frequency is from 0.995GHz —
1.003GHz, an average of 4.5dB noise figure is achieved and good matching among the
measurement, simulation, and theory is shown. The input referred P1dB of this TVTL is 16dBm,

as shown in Figure 4.1-5.
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Figure 4.1-4. Noise figure of the designed direct-pumped TVTL with varactor biased at —4V,

carrier power of 30dBm at 5.0GHz.

o
I

—

1
[\
T

Conversion Gain, dB
=

1
N
T
I

-20 -10 0 10 20
Input Power, dBm
Figure 4.1-5. Measured conversion gain of the direct-pumped TVTL versus input power with

varactor biased at —4V, carrier power of 30dBm at 5.0GHz.
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4.2 Reflected Time-varying Transmission Line

Figure 4.2-1 shows the schematic of a different TVTL design that offers power effective
frequency conversion. At the output, compared with the direct-pumped TVTL, the diplexer is
replaced by a highpass filter which passes the converted signal but reflects the original signal. At
the input of the TVTL, a matching circuit is designed to recycle the reflected original signal so
that a much higher conversion gain could be reached. But the bandwidth of the circuit is
sacrificed because of the resonance or standing wave created between the highpass filter at the

output and the matching circuit at the input.
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Figure 4.2-1. Schematic of the reflected TVTL.

The overall voltage conversion gain G/ could be found by [34]:

r _ V181112

Ge = 1-18111/Gse/@T+PM) Ge

(4.2-1)

Where S, is the return loss of the input matching circuit under the 500 termination, G is the

signal gain as indicated in Eq. (2.1-11), G, is the original conversion gain as indicated in Eq.
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(2.1-10) and ¢ + ¢, is the phase delay of the converted signal. At the resonance condition, the
phase term in the denominator of Eq. (4.2-1) disappears which results in the maximum

conversion gain,

= J1Bul . (4.2-2)

GI =
emax - 1-18416s €

The noise figure of the reflected TVTL is given by Eq. (4.2-3).

— 1fsz, 1 L Besz -
NE=1+3 Qs 1-1S14/? + GI? Qc-s (4.2-3)

Figure 4.2-2 shows the fabricated reflected TVTL chip by using Global Communication
Semiconductors (GCS) InGaP HBT process. The size of this designed reflected TVTL is
6393um - 5850um. An extra matching circuit is connected at the input, left side of the chip, of
the chip, the output is on the right side of the chip. Carrier is split by a 90-degree hybrid and fed

into the upper and lower sides of the chip.

Signalin = Signal out

5850um
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Figure 4.2-2. Layout of the reflected TVTL.

The conversion gain is shown in Figure 4.2-3 with a signal from 0.7GHz — 1.3GHz, carrier
of 4.8GHz with power of 27dBm, a maximum gain of 4dB can be obtained but with a narrow
bandwidth. The noise figure is also measured, simulated, and calculated by theory, the results are
shown in Figure 4.2-4, and a minimum of 4.5dB is achieved. Because of the standing wave
created on the TVTL, at least of 6dB decreasing compared with direct-pumped TVTL’s P1dB

should be expected. Figure 4.2-5 shows the result of the input referred P1dB, 8dBm could be

reached.
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Figure 4.2-3. Conversion gain of the designed reflected TVTL with varactor biased at —4V,

carrier power of 27dBm at 4.8GHz.
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Figure 4.2-4. Noise figure of the designed reflected TVTL with varactor biased at —4V, carrier

power of 27dBm at 4.8GHz.
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Figure 4.2-5. Measured conversion gain of the reflected TVTL versus input power with

varactor biased at —4V, carrier power of 27dBm at 4.8GHz.
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Chapter 4

Conclusion

In this work, two time-varying transmission line (TVTL) based RF correlators, open loop
and closed loop correlators, are successfully proposed, designed and fabricated, which could find
applications in RF wireless system to reject in-band jammer and interference by using orthogonal

codes.

Basic TVTL structure is explored, inductor pumped structure and M-derived TVTL are
proposed for the purpose of decreasing the chip area and improving power efficiency. MMIC
version M-derived TVTL chip is designed and fabricated with Global Communication
Semiconductors (GCS) InGaP HBT process, both simulation and measurement are tested under

the four-wave mixing condition and three-wave mixing condition.

An open loop correlator is designed, where the multiplication is fulfilled by the parametric
mixing of the TVTL and integration is realized by a high-Q bandpass filter. The design illustrates
low loss, low noise and high power handling capability of the TVTL based correlator. Frequency
domain correlation test and time domain decoder test are also carried out. Another TVTL based
closed loop correlator is designed, which the integration is finished by the feedback loop. The

design shows a higher conversion gain but worse noise performance.

Moreover, two advanced TVTL structures are proposed. The carrier power is directly
pumped on the varactors to save the energy wasted on the transmission line and 50Q load that
happens in the traveling TVTL case.
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Finally, all TVTL designs employ numerous inductors with limited quality factor (Q)
which introduce a significant amount of loss and noise, so new inductor structure or more
advanced process with low loss still needs to be explored and applied. TVTL is usually the very

broadband device, the power efficiency or conversion gain could be possibly improved by

trading off the bandwidth.
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