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ABSTRACT

This thesis divided into three parts. In the first part (chapter 2), a 24 GHz high
conversion gain and low noise down-conversion active mixer in 0.18 um CMQOS process is
presented. The current-bleeding technique and the resonant inductor are adopted to obtain
high conversion gain and low noise figure. However, after two tape-outs, the reason for the
severe reduction in conversion gain has not been found so far.

In the second part (chapter 3), a millimeter-wave up-/down-conversion image rejection
module is demonstrated. The capacitors on the left-handed transmission line are replaced
with varactors to achieve tunable phase, and the PIN diodes are added to the T-type
attenuators to achieve tunable amplitude. The tunable 1/Q divider/combiner are based on the
Wilkinson power divider. The phase and amplitude tuning at 2.5-5 GHz were measured to
be 80-100° and (+2)-(-1.1) dB, respectively. With the great performance of the tunable 1/Q
divider/combiner, the IRR of the up-/down-conversion image rejection module can reach a
50-dB level at 3-4.5 GHz and a 30-dB level at 2.5 and 5 GHz.

In the last part (chapter 4), a 24-32 GHz high image rejection ratio up-/down-conversion
subharmonic mixer in 0.15 um GaAs pHEMT process is proposed. This circuit realizes a 45°
LO power divider with small phase and amplitude imbalances. By analyzing the LO inter-
stage reflection coefficient, it is able to achieve the desired high image rejection ratio. Besides,
good port-to-port isolation is made possible by the implementation of quasi-lumped ALo/4
short/open stubs. With the tunable 1/Q divider/combiner in measurement, the IRR in precise

phase and amplitude tuning can reach over 45 dB for up-/down-conversion.
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Index Terms — 24 GHz, high conversion gain (CG), low noise figure (NF), current-bleeding,
resonant inductor, millimeter-wave module, tunable phase, tunable amplitude, fifth-

generation (5G), high image rejection ratio (IRR), up-/down-conversion subharmonic mixer.
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Chapter 1 Introduction

1.1 Background and Motivation

Due to the low cost and high level of integration, the rapid expansion of wireless
communications has resulted in a significant push toward creating high-performance RF
circuits in silicon, particularly CMOS. The increasing demand for wireless applications with
high data rates at K band has recently attracted a lot of interest. 24 GHz industrial, scientific,
and medical (ISM)-band radar sensors, for example. They are used for automation and
interaction in consumer products such as smart appliances, intelligent energy control, and
even hands-free trunk and tailgate release on automobiles. Automotive radars use the low-
frequency band (24-24.25 GHz) for short/mid-range applications such as blind-spot detection,
lane change assistance, rear cross-traffic alert, and collision avoidance. For 24 GHz CMOS
receivers, active mixers with high conversion gain, good linearity, low noise figure, high
port-to-port isolation, and low power consumption are especially important.

Many countries have already revealed the millimeter-wave frequency ranges that will
be used by 5G communication. The US operates at 27.5-28.35 GHz and 37-40 GHz, Europe
operates at 24.25-27.5 GHz and 31.8-33.4 GHz, and China operates at 24.25-27.5 GHz and
37 GHz-42.5 GHz. It is evident from the foregoing that 5G communication will be developed
in these frequency ranges. The subharmonic mixer is an important technique in millimeter-
wave. Subharmonic mixers enable designers to employ lower LO frequencies, decreasing the

demand for a high-frequency LO signal and the need for measuring instruments.
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Subharmonic mixers are a simpler alternative to traditional mixers without a LO frequency
multiplier for high-frequency application design.

In the upcoming 5G communication system, image rejection is also a critical technology
for both the receiver and the transmitter. A poor image rejection ratio (IRR) in the transmitter
may cause power saturation of the post-stage power amplifier, impacting its operation. While
image signal suppression technology has few effects on the receiver's post-stage circuit, it
can help filter out the image signal to prevent it converting to the same frequency as the IF
signal. A millimeter-wave frequency conversion module that can up and down convert,

reducing module complexity and cost while also providing image rejection.

1.2 Contributions

This thesis presents a 24 GHz high conversion gain down-conversion active mixer using
noise cancellation technique, a millimeter-wave up-/down-conversion image rejection
module, and a 24-32 GHz high image rejection ratio up-/down-conversion subharmonic
mixer for 5G communication.

In chapter 2, a 24 GHz high conversion gain and low noise down-conversion active
mixer in 0.18 pm CMOS process is presented. The low noise figure is designed based on the
current-bleeding technique and the resonant inductor. The conversion gain is efficiently
enhanced at the center frequency of 24.1 GHz since the parasitic capacitance is eliminated.
The simulated conversion gain is 12.8 dB with a 2 dBm LO power at 24.1 GHz. The noise
figure is 34.7 dB at 1 kHz and 9.8 dB at 1 GHz. The corner frequency is about 1 MHz. This
mixer shows a high conversion gain at the desired ISM band and a good flicker noise

performance in simulation. The severe reduction in conversion gain will be discussed.
2
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In chapter 3, a millimeter-wave up-/down-conversion image rejection module is
demonstrated. The tunable phase and amplitude functions are realized by varactors and T-
type attenuators. At 2.5-5 GHz, the phase and amplitude tuning ranges of the 1/Q
divider/combiner were measured to be 80-100° and (+2)-(-1.1) dB, respectively. With the
great performance of the tunable 1/Q divider/combiner, the IRR of the up-/down-conversion
image rejection module can reach a 50-dB level at 3-4.5 GHz and a 30-dB level at 2.5 and 5
GHz.

In chapter 4, a 24-32 GHz high image rejection ratio up-/down-conversion subharmonic
mixer in 0.15 um GaAs pHEMT process is proposed. The analysis and implementation of
the 45° LO power divider is utilized to obtain small phase and amplitude imbalances with
great isolation, and the quasi-lumped ALo/4 short/open stubs of the subharmonic mixer core
are designed to have good isolation of 2LO-to-RF, LO-to-RF, and LO-to-IF. Besides, the
effect of the LO inter-stage reflection coefficient on IRR is also discussed. With the tunable
I/Q divider/combiner in measurement, the proposed mixer achieves about -11.3 dB
conversion gain with a 1.3 dB variation for up-conversion and -11 dB with a 1.7 dB variation
for down-conversion at 24-32 GHz. The IRR in precise phase and amplitude tuning can reach
over 45.7 dB for up-conversion and 46.7 dB for down-conversion. Compared to the published

wide-band 1/Q mixers, this mixer shows outstanding IRR performance.

1.3 Thesis Organization

This thesis is organized as follows:
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Chapter 2 proposes a 24 GHz high conversion gain down-conversion active mixer using
noise cancellation technique. The design flow will be introduced. The measured results and
the analysis of the reduction in conversion gain will be discussed.

Chapter 3 proposes a millimeter-wave up-/down-conversion image rejection module.
The ICs’ selection of mixer doubler will be considered. The design methods and experimental
results will be illustrated.

Chapter 4 proposes a 24-32 GHz high image rejection ratio up-/down-conversion
subharmonic mixer for 5G communication. The design features and results will be
demonstrated.

Chapter 5 gives the conclusion of this thesis.
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Chapter2 A 24 GHz High Conversion Gain Down-
Conversion Active Mixer Using Noise

Cancellation Technique

2.1 Introduction

The rapid evolution of wireless communications has resulted in a strong drive toward
building high-performance RF circuits in silicon, particularly CMQS, for its low cost and
high level of integration. Recently, the increasing demands for wireless applications with
high data rates at K band have received great attention. For example, 24 GHz industrial,
scientific, and medical (ISM)-band radar sensors. They are adopted in consumer products for
automation and interaction, such as smart appliances, intelligent energy control, or even the
hands-free trunk and tailgate release on cars. The low-frequency band (24-24.25 GHz) of
automotive radars is adopted in short/mid-range applications such as blind-spot detection,
lane change assistance, rear cross-traffic alert, and collision avoidance.

Since the passive down-conversion mixers exhibit conversion loss degrading the overall
receiver performances and require high LO power causing more power dissipation (LO
buffer), active mixers with high conversion gain, good linearity, low noise figure, high port-
to-port isolation, and low power consumption are particularly needed for 24 GHz CMOS
receivers [1]-[9].

In previous literatures, a high conversion gain is greater than 10 dB [1]-[7] and a low

noise figure is less than 16 dB [3]-[9]. To achieve the above standards, we attempted to use
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a double-balanced Gilbert cell as the architecture of the mixer core. It is widely used as the
down-converter in CMOS receivers since it has high port-to-port isolation and is capable of
adding a cross-coupled pair. The influence of noise on the circuit is considerably decreased
with the addition of a parallel resonant inductor [10] and the current-bleeding technique
composed of a cross-coupled pair [11], and the conversion gain is efficiently enhanced at the

center frequency of 24.1 GHz.

2.2 Circuit Design of A 24 GHz High Conversion Gain Down-
Conversion Active Mixer Using Noise Cancellation

Technique

2.2.1 Concepts of The High Conversion Gain and Low Noise Down-
Conversion Active Mixer

We use 0.18 um CMOS as the process of the proposed high conversion gain and low
noise down-conversion active mixer because of its low complexity and low-cost chip
integration.

The transconductance (gm) stage needs a large current to reach a high conversion gain,
this compresses the output voltage headroom, which implies a smaller load resistor is
allowable. However, a larger load resistor directly increases the conversion gain. To break
the foregoing limitation, the current-bleeding technique effectively satisfies both DC
requirements of the gm stage and output stage. Furthermore, the current-bleeding technique
drastically reduces the current flowing through the LO switches. This minimizes the height

of the noise pulses, lowering the flicker noise of the LO switches [11].
6
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The configuration of the proposed high conversion gain and low noise down-conversion
active mixer is shown in Fig. 2.1. Both the differential RF and LO signals are generated
through the transformers. The mixer core is composed of blocks A, B, C, E and the resonant
inductor Lres. Block A is the gm stage that dominates the conversion gain of the mixer. Block
B is a current-bleeding path made up of a cross-coupled pair and a current source (eight
transistors in parallel). Block C is the switching stage for frequency converting. Block E is
the load resistors on the output stage. Block D is a differential source follower buffer. The
resonant inductor is employed to eliminate the parasitic capacitance from the gm stage to the
switching stage, reducing noise and improving conversion gain [10].

The frequency design goals are the RF frequency ranges from 24 to 24.25 GHz (ISM
band), while the LO frequency is 24 GHz, and the IF frequency is 0.1 GHz. The conversion
gain design goal is greater than 10 dB without IF combining. Conversion gain is calculated
as IF+ or IF- minus RF in Fig. 2.1. The noise figure design goal is less than 10 dB when the
frequency is greater than 1 GHz and is less than 40 dB at 1 kHz. The mixer core's DC power
consumption is designed to be less than 5 mW when the supply voltage is 1.8 V (Vppm and

VbDb).
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Fig. 2.1 Schematic of the proposed high conversion gain and low noise down-conversion

active mixer.
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2.2.2 Current Distribution Ratio of The Current-Bleeding Path

We use the ideal current source (Icg) to evaluate the current-bleeding path’s current
distribution ratio as shown in Fig. 2.2. Since the mixer core's DC power consumption is
designed to be less than 5 mW when the supply voltage is 1.8 V, the current I on each side
of the differential paths is set to 1.35 mA. Current I; flows through Riead and LO switches
and the combination of I1 and Icg is l2. The gm stage (M12) and load resistors directly
influence the conversion gain. We therefore simulate different current distribution ratios with
fixed gm stage and load resistors. The total width of M1 is 28 um for 1.35 mA and the

resistance is assumed to be 1000 Q for easier calculation.

VDD
Il ; EE Rload Rload E; : Il
v +IF - v
Mg M,
T— L TR P
LO M M M
& o M
ICB
M, ; : M,
e L,
RF v v
- O

Fig. 2.2 Schematic of the mixer core with current-bleeding consideration.
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The simulated conversion gain vs. LO power in different current distribution ratios is
shown in Fig. 2.3. When I1: Icg is 1:3, there is a maximum conversion gain of 4 dB with a 2
dBm LO power. The simulated noise figure vs. LO power in different current distribution
ratios is shown in Fig. 2.4. The noise figure has a minimum of 50.4 dB when I1: Icg IS 1:3 at
1 kHz and is about 12.7-12.9 dB when I1: Icg is 1:1, 1:2, 1:3, and 1:4. The corner frequencies
are very close in these four ratios. The ratio of 1:3 has a relatively flat 1/f-slope, which means
it has a relatively small flicker noise in low frequencies. Considering the above simulation

results, we choose I1: Icg is 1:3 as the current distribution ratio of the current-bleeding path.

5
4
3
2

NENFE s
_5 -I ' i ' (] ' i ' i ' i ' i ' i ' i ' i ' i ' i ' i ' i ' i ' i ' i ' i ' i ' i
109 8 76 54-3-2-1012 3456 7 8 910

LO Power (dBm)

Fig. 2.3 Simulated conversion gain (CG) vs. LO power in different current distribution

ratios (I1: Icg).
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1 |||n|.|j 1 |||n|.|j 1 ||nu|j 1 |||n|.|j
1E-3 0.01 0.1 1 10 100 1000

IF Frequency (MHz)

Fig. 2.4 Simulated noise figure (NF) in different current distribution ratios (I1: Icg).

2.2.3 Size Considerations of The Transistors

We simulate the IP1gs in a 1:3 current distribution ratio as shown in Fig. 2.5. The -6
dBm power has about 160 mV voltage swing (Vpeak). Since the threshold voltage of My 2 in
Fig. 2.1 is about 0.53 V, we set the gate voltage to 0.7 V and the drain voltage to be about
0.6 V (one-third of the supply voltage) to ensure that the transistors are operating in the
saturation region. Since the source, drain and gate resistance decrease when the number of
fingers is increased, we choose 14 fingers with 2 pm width as the size of M1, for 1.35 mA.
The gm of My 2 is about 9.9 mS.

The current source Ms in Fig. 2.1 has eight transistors in parallel, and each of them is
20 fingers with 4 um width for 2 mA. This size is chosen to have proper layout space as

shown in the next section. The size of the cross-coupled pair Mz 4 in Fig. 2.1 is 10 fingers

11
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with 2 um width for 1 mA. We set the gate voltage of Ms to 1.2 V and the source voltage of

M3z4 to be about 1.6 V to ensure that the transistors are operating in the saturation region.

= N W kO

-1
-2
-3
4
-5
-6
-7
-8
-9

-10

CG (dB)

-30 -28 -26 -24 -22 -20 -18 -16 -14 -12 -10 8 6 4 -2 O

RF Power (dBm)

Fig. 2.5 Simulated IP1gg in 1:3 current distribution ratio.

The size of the LO switch Mes 789 in Fig. 2.1 is 4 fingers with 1.5 um width for 175 pA.

To have a 0.6 V (one-third of the supply voltage) headroom, the load resistance was changed

to 1714 Q. As shown in Fig. 2.6, it has a maximum conversion gain of -0.91 dB with a -2

dBm LO power when the ideal current source on the current-bleeding path is replaced with

Ms.45. We set the gate voltage of Mg 7,89 to 1.3 V to ensure that the transistors are operating

in the saturation region.

12
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LO Power (dBm)

Fig. 2.6 Simulated conversion gain (CG) vs. LO power in different load resistances.
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2.2.4 The Resonant Inductor and RF/LO Transformers

We simulate the conversion gain vs. LO power within/out the ideal resonant inductor
Lres (Q factor is set to 20) in Fig. 2.1 as shown in Fig. 2.7. It has a maximum conversion gain
of 11.9 dB with a 0 dBm LO power. After designing the RF/LO transformers, the EM
simulation will be considered for a more accurate inductance.

15

12 ...... ...... ...... ...... ...... ...... ...... ...... ...... ......

—O— Within L

Y N U0 U U VO U U OO0 S O 4

—0—Without L__|

CG (dB)

9 |
-10-9-8-76-5-4-3-2-10122345¢86738 910
LO Power (dBm)

Fig. 2.7 Simulated conversion gain (CG) vs. LO power within/out the resonant inductor.

I. RF Transformer

The schematic of the RF transformer is shown in Fig. 2.8. It is composed of two mutual
inductors and two identical capacitors for impedance transforming. Zinrr is the impedance
from M1z in Fig. 2.1 to the mixer core, and it is 100*(0.44- j1.4) at 24.1 GHz. The layout of
the RF transformer is shown in Fig. 2.9. Length A is 222 pm and length B is 204 um. The
values of Lrr1,2, Crr and the coupling coefficient K between these two inductors are shown

in Table 2.1.
14
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Ler: Ler: Vi % ZinRF

C

T

Fig. 2.8 Schematic of the RF transformer.

Fig. 2.9 Layout of the RF transformer.
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Table 2.1 Values of Lrr1,2, Crr and coupling coefficient K.

Each Element

Value (at 24.1 GHz)

Q Factor

Lrr1

321.7 pH

13.8

Lrr2

370.3 pH

7.9

Crr

158.6 fF

K

II. LO Transformer

0.42

The schematic of the LO transformer is shown in Fig. 2.10. It is composed of two mutual

inductors and two identical capacitors for impedance transforming. ZinLo is the impedance

from Me 7,80 In Fig. 2.1 to the mixer core, and it is 100*(1.374- j6.432) at 24 GHz. The layout

of the LO transformer is shown in Fig. 2.11. Length C is 180 um and length D is 250 pum.

The values of LLo12, CLo, RLo and the coupling coefficient K between these two inductors

are shown in Table 2.2.

LO °

Lio:

Lio2

€L

% ZinLO

Cro
| |
Vg3 %RLO
C

Loif

Fig. 2.10 Schematic of the LO transformer.
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Fig. 2.11 Layout of the LO transformer.

Table 2.2 Values of Lio12, CLo, RLo and coupling coefficient K.

Each Element

Value (at 24 GHz)

Q Factor

Lio:

398.3 pH

9.8

Loz

408 pH

7.6

CLo

249.3 fF

Rio

360 Q

K

III. Resonant Inductor

0.66

The layout of the RF/LO differential paths is shown in Fig. 2.12. With the consideration

of the EM simulations of RF/LO transformers and the RF/LO differential paths, we can

obtain the optimum resonant inductor. The layout of the resonant inductor is shown in Fig.

2.13. Length E and F are both 160 um. At 24.1 GHz, L has a 399.2 pH with a 21.8 Q factor.

17
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Fig. 2.12 Layout of the RF/LO differential paths.

y L 4 .
RF Differential Path

Fig. 2.13 Layout of the resonant inductor.

2.2.5 The IF Buffer

We use the source follower as the configuration of the IF buffer as shown in Fig. 2.14.
To measure the expected high conversion gain, the source follower needs a large current. The

size of My is 10 fingers with 8 um width for 1.58 mA and Ruutter is 700 Q. The size of

18
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M11,12,13.14 IS 54 fingers with 8 um width for 20.9 mA. The voltage gain is about 0.84 (-1.536

dB) at 0.1 GHz as shown in Fig. 2.15.

VDDb N 1T VDDm

Signal from Mixer Core
Mi;s.14 j |—°

o [F+/-

Mo :I |——| l: M2

-1.0

Ao b ........................................... ..........................................
A4 b= SO e
E : :
16 b= o :
a8k ......................................... ..........................................
0 ool ) A
s 20T z
> 22 b SRRSO SORORRROROROOS N e,
< - : :
24 b . e .
26 b ........................................... ........................................
28 b ........................................... ........................................
3.0 1 A |
0.01 0.1 1 10

IF Frequency (GHz)

Fig. 2.15 Simulated voltage gain (Av) of the source follower.
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2.2.6 Simulations of The High Conversion Gain and Low Noise Down-

Conversion Active Mixer

.-Unm—-lujl

NN

Fig. 2.16 Layout of the high conversion gain and low noise down-conversion active mixer.
The layout of the high conversion gain and low noise down-conversion active mixer is
shown in Fig. 2.16. The chip size is 840*560 um?.
The simulated conversion gain vs. LO power of the high conversion gain and low noise
down-conversion active mixer is shown in Fig. 2.17 when RF frequency is 24.1 GHz, LO
frequency is 24 GHz, and IF frequency is 0.1 GHz. Conversion gain is calculated as IF+ or

IF- minus RF in Fig. 2.1. It has a 12.8 dB conversion gain with a 2 dBm LO power.

20
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Fig. 2.17 Simulated conversion gain (CG) vs. LO power of the high conversion gain and
low noise down-conversion active mixer.

The simulated IP14s of the high conversion gain and low noise down-conversion active
mixer is shown in Fig. 2.18 when RF frequency is 24.1 GHz, LO frequency is 24 GHz, IF
frequency is 0.1 GHz, and LO power is 2 dBm. The IP1gg is -15 dBm and OPigg is about -
0.2 dBm with ideal IF combining.

The simulated bandwidth of the high conversion gain and low noise down-conversion
active mixer is shown in Fig. 2.19 when IF frequency is 0.1 GHz and LO power is 2 dBm.
The 3-dB bandwidth is about 23.1-25.2 GHz. The ISM band (24-24.25 GHz) has a

conversion gain range of 12.6-12.8 dB.
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Fig. 2.18 Simulated 1P1¢g Of the high conversion gain and low noise down-conversion

active mixer.

—I— IF+ minus RF

CG (dB)

RF Frequency (GHz)

Fig. 2.19 Simulated bandwidth of the high conversion gain and low noise down-conversion

active mixer.
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The simulated noise figure of the high conversion gain and low noise down-conversion
active mixer is shown in Fig. 2.20. It is 34.7 dB at 1 kHz and 9.8 dB at 1 GHz. The corner
frequency is about 1 MHz.

The simulated RF/LO reflection coefficients of the high conversion gain and low noise
down-conversion active mixer are shown in Fig. 2.21. The RF reflection coefficient has a
minimum of -28.1 dB at 24.1 GHz and is less than -10 dB from 23.7-24.6 GHz. The LO
reflection coefficient has a minimum of -23.2 dB at 24 GHz and is less than -10 dB from
21.5-27.6 GHz.

The simulated isolations of the high conversion gain and low noise down-conversion
active mixer are shown in Fig. 2.22. There are about -60 dB and -73 dB of LO-to-RF and
RF-to-LO isolations at 24-24.1 GHz.

35

5 1 |||n|.|j 1 ||nn|j 1 ||nn|j 1 ||nn|j 1 ||nn|j A EETIT |
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IF Frequency (MHz)

Fig. 2.20 Simulated noise figure (NF) of the high conversion gain and low noise down-

conversion active mixer.
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Fig. 2.21 Simulated RF/LO reflection coefficients of the high conversion gain and low

noise down-conversion active mixer.

60 b . g | —O—LO-to-RF

Isolation (dB)

RF/LO Frequency (GHz)
Fig. 2.22 Simulated isolations of the high conversion gain and low noise down-conversion

active mixer.
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2.3 Experimental Results and Discussions

+1IF -

Fig. 2.23 Chip photo of the high conversion gain and low noise down-conversion active

mixer.

SG. (250 kHz- 67 GHz)

]

(1)

PCB €+—

De: Vg1:2=3

SA. (3 Hz- 50 GHz)

p

N———

(3)

SG. (250 kHz- 44 GHz)

?

Fig. 2.24 Setup of measurement.

(2

The chip photo is shown in Fig. 2.23. We use an Agilent E8257D (250 kHz- 67 GHz)

signal generator for RF signal, a KEYSIGHT E8267D (250 kHz- 44 GHz) signal generator

for LO signal, an Agilent E4448A (3 Hz- 50 GHz) spectrum analyzer to measure large signals

(IF output power), a GWINSTEK PST-3202 (32 V,2 A x2/6 V, 5 A x1) power supply (Vg1,2,3)
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and a KEYSIGHT E36311A (6 V, 5 A/£25 V, 1 A) power supply (Vobm,) for DC supplying.
The measurement setup is shown in Fig. 2.24. Cable 1 (1.85 mm) connects the probe on the
LO side to the signal generator. Cables 2 (1.85 mm) connects the probe on the LO side to the
signal generator. Cable 3 (2.4 mm) connects the probe on the IF side to the spectrum analyzer.
One signal port of the G-S-S-G probe connects to a 50 Q termination.

The conversion gain vs. LO power measurement of the 1% and 2" tape-outs and EM
simulation of the high conversion gain and low noise down-conversion active mixer as shown
in Fig. 2.25 when RF frequency is 24.1 GHz, LO frequency is 24 GHz, and IF frequency is
0.1 GHz. The conversion gain of the two tape-out measurements degrades from the
simulation by over 8 dB. The measured IP14s and bandwidth results are likewise significantly
worse than the simulations, as shown in Fig. 2.26 and Fig. 2.27, respectively.

14
12
10

CG (dB)

—@— MEA._1" Tape-Out | =
+MEA 2 Tape Out| ------

I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I
-1098-76-54-3-2-10123456 7 8 910

LO Power (dBm)

Fig. 2.25 Conversion gain (CG) vs. LO power measurement (1% and 2" tape-outs) and EM

simulation of the high conversion gain and low noise down-conversion active mixer.
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Fig. 2.26 1P1gs measurement (1% and 2" tape-outs) and EM simulation of the high

conversion gain and low noise down-conversion active mixer.

........ —O—sim.
-------- —@—MEA._1" Tape-OQut | i /i Ny

2" Tape-Out|. ...

CG (dB)

-5
20.0 205 210 215 220 225 230 235 240 245 250

RF Frequency (GHz)

Fig. 2.27 Bandwidth measurement (1% and 2" tape-outs) and EM simulation of the high

conversion gain and low noise down-conversion active mixer.
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We look into the reasons for the reduction in conversion gain from the measurements
and EM simulations of the 1% tape-out. The layout of the high conversion gain and low noise
down-conversion active mixer is shown in Fig. 2.28. The measurement setup is the same in
Fig. 2.24. In the 1% tape-out, we only consider the individual EM simulations of RF/LO
transformers, RF/LO differential paths, and the resonant inductor. Since we don't have the
EM simulation of the entire circuit, we run the EM simulation again and added a precise
simulation of the transistor's three terminals (drain, gate, and source). The simulated
conversion gain vs. LO power in the 1% tape-out with different conditions is shown in Fig.
2.29. Condition 1 considers the EM simulation of the entire circuit in Fig. 2.30. Condition 2
considers the EM simulation of the RF transformer, RF/LO differential paths, and resonant
inductor in Fig. 2.31. Condition 3 considers the EM simulation of the transistors of the gm
stage in Fig. 2.32. The EM simulation of the entire circuit shows evidence of the reduction
in conversion gain. The explanations for these three conditions are that the RF transformer is
too close to the resonant inductor, and the incomplete grounding effect causes the source

degeneration of the gm stage.
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Fig. 2.28 Layout of the high conversion gain and low noise down-conversion active mixer

in the 1% tape-out.
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Fig. 2.29 Simulated conversion gain (CG) vs. LO power in the 1% tape-out with different

conditions.

Fig. 2.30 Layout of the entire circuit in the 1% tape-out.
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Fig. 2.31 Layout of the RF transformer, RF/LO differential paths, and resonant inductor in

the 1% tape-out.

Fig. 2.32 Layout of the transistors of the gm stage in the 1% tape-out.
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In addition, we discovered a large signal near 91 MHz in the spectrum as shown in Fig.
2.33. This signal cannot be suppressed by the off-chip bypass capacitors and occurs when the
power supply is turned on.

We conclude from the EM re-simulations and the spectrum data that these are the
reasons for the severe reduction in conversion gain. To improve these problems, we have
modified the grounding condition of the gm stage as shown in Fig. 2.34, and the available
space on the layout filled with MOS-capacitors has achieved a good bypass function as
shown in Fig. 2.35. The bypass capacitance is increased by about 88 pF compared to the 1%

tape-out (12 to 100 pF). The modified layout of the 2" tape-out is shown in Fig. 2.16.

Ref 30.dBm ____Atten 40 dB

fi ,MII (i u;::.;.m [0
Wby

.00 MHz
Res BH 910 kH2 VBN 910 kHz Span 100 MHz

Swee
Copyright 2000-2010 Aglient Technologies P 1 ms (601 pts)

Fig. 2.33 Spectrum of the IF signal in the 1% tape-out.
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Fig. 2.35 MOS-capacitor unit with grounding (metal 1) for bypass function in the 2" tape-

out.
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However, the reduction in conversion gain has not improved. There is no sign of
oscillation in the spectrum as shown in Fig. 2.36 and Fig. 2.37. The RF/LO reflection
coefficients measurement in the 2" tape-out and EM simulation of the high conversion gain
and low noise down-conversion active mixer are shown in Fig. 2.38. The RF reflection
coefficient is much worse. Since the bias voltage and current during measurement match the
simulation. As a result, we ignore the issue of corner variation (SS or FF). Meanwhile, the
0.18 pm CMOS is a fairly stable and commonly used process. We do not believe that the
variations in transistors' size and inductance will result in such a bad RF reflection coefficient.
We have successfully solved the redundant signal near 91 MHz in the 1% tape-out. The
measurement of the reflection coefficient reveals that there may be an issue with the RF path,

but we cannot specify what is causing the severe reduction in conversion gain.

W-mmm“zu;zﬂ:{{“ VU oLy TEvET TITTYTPTYRTeFY i i T
Mkrl 100.80 MHz
Ref 10 dBm Atten 20 dB -23.75 dBm

Center 100.00 MHz
#Res BN 10 kHz VBH 10 kHz Sweep 1.206 s (601 pts)

Fig. 2.36 Spectrum of the IF signal in the 2" tape-out.
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Fig. 2.37 Spectrum with only DC supplying in the 2" tape-out.
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Fig. 2.38 RF/LO reflection coefficients measurement (2" tape-out) and EM simulation of

the high conversion gain and low noise down-conversion active mixer.
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2.4 Summary

Table 2.3- Table 2.4 summarize the performance of high conversion gain and low noise
mixers in recent years. Reference [45] using the folded gilbert-cell architecture. The
advantage is that ac-coupling capacitors between the current-reuse gm stage and the switch
stage allow the independent settings of the DC bias currents for the two stages. Furthermore,
the output load employs a cross-coupled pair (negative impedance), allowing for very high
conversion gain but the power consumption is relatively large. Compared to the other mixers,
the simulated conversion gain and noise figure achieve outstanding performance with small
power consumption, although the reason for the severe reduction in conversion gain has not
been found so far. The simulated IPiggs only perform -15 dBm but with a maximum
conversion gain of 15.8 dB (with ideal IF combining), the OP14s is about -0.2 dBm. The
simulated isolation also has good performance because of the use of double-balanced
structure.

Table 2.3 Comparison of the published high conversion gain and low noise mixers (part I).

Function Freq. (GHz)

This Work Gilbert-Cell+ IF | 23.1-25.2 12.8

(Post-Sim.) Buffer (15.8 with ideal IF

combining)

TCS I’ 22 Gilbert-Cell+ IF 6.5 (26 GHz)

[9] Buffer 7.2 (28 GHz)
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4.8 (39 GHz)

Access’ 19 Folded Gilbert- 26.1

[45] Cell+ IF Buffer

APMC’ 18 Gilbert-Cell+ IF | 21.7-24.2

[1] Buffer

APMC’ 17 Gilbert-Cell+ IF | 22.9-26.3
[4] Buffer+ 1/Q

Calibration

TMTT 17 Gilbert-Cell+ IF | 23.8-24.5

[5] *** Buffer

EuMIC’ 16 Gilbert-Cell+ IF

[2] Buffer

TCPMT’ 16 Gilbert-Cell+ 22.6-25.8
[6] Active Balun+

IF Buffer

*: with pre-amplifier.

**%- entire RX.

Table 2.4 Comparison of the published high conversion gain and low noise mixers (part II).

Ref. P18 NF. (dB) ISO. Ppc (MW) Size
(dBm) (dB)
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This Work

(Post-Sim.)

34.7 (1 kHz2)

9.8 (1 GH2)

0.84*0.56

(mm*mm)

TCS1II’ 22

[9]

-6.1
(28 GHz)
-5.9

(39 GHz)

12.5 (26 GHz)
12.3 (28 GHz)

13.5 (39 GH2)

0.4 (mm?)

Access’ 19

[45]

-17.8

7.7 (24.5 GHz)

0.96 (mm?)

APMC’ 18

[1]

0.51 (mm?)

APMC’ 17

[4]

0.5*0.79

(mm*mm)

T™MTT’ 17

[5] *k*x

1.53 (mm?)

EuMIC’ 16

[2]

0.8*0.45

(mm*mm)

TCPMT’ 16

[6]

0.38 (mm?)

**: include pre-amplifier and IF buffer.

***- entire RX.
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Chapter 3 Millimeter-Wave Up-/Down-Conversion

Image Rejection Module

3.1 Introduction

Image rejection is a critical technology for both the receiver and the transmitter in the
upcoming 5G communication system. In the transmitter, a low image rejection ratio (IRR)
might cause power saturation of the post-stage power amplifier, affecting its operation. While
image signal suppression technology does not have a big impact on the post-stage circuit in
the receiver, it can help filter out the image signal to avoid converting the same frequency of
the IF signal. We designed a millimeter-wave frequency conversion module that can up and
down convert, decreasing the module's complexity and cost while also providing image
rejection. The RF frequency ranges from 27.5 to 29 GHz, while the LO frequency is 25 GHz,
and the IF frequency ranges from 2.5 to 4 GHz. The millimeter-wave up-/down-conversion
image rejection module is composed of a frequency doubler, a mixer, and a tunable
quadrature power divider that serves as the 1/Q (in-phase/quadrature) divider/combiner at the

IF end.

3.2 Design Concepts of The Millimeter Wave Up-/Down-

Conversion Image Rejection Module

The easiest way to eliminate the image signal is to use a filter. However, with the
development of millimeter-wave frequencies, there will be a situation where the desired RF
39
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band and the image band overlap as shown in Fig. 3.1. Therefore, using a filter will affect
the desired RF signal. The Weaver mixer and the Hartley mixer are two common solutions.
The Weaver mixer is a dual-conversion image rejection structure, there will be two image
signals, and the Weaver mixer can only eliminate the first image signal. We employ a Hartley
mixer due to the simplicity of the image rejection mechanism. The image rejection
mechanism of the Hartley mixer is shown in Fig. 3.2. Based on Fig. 3.2, we construct the
proposed millimeter-wave up-/down-conversion image rejection module as shown in Fig. 3.3.
In this configuration, the 1/Q divider/combiner serves as a band-pass filter and quadrature
signal generator. When doing up- or down-conversion, the connection to the mixer is

reversed. The signal at nodes A, B, C, D, E, and F is discussed below.
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Fig. 3.1 Overlapped band of desired RF and image signals.
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Fig. 3.2 Image rejection mechanism of Hartley mixer.
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Fig. 3.3 Image rejection mechanism of (a) up- and (b) down-conversion.
First, we look at what happens when a mixer goes down-conversion. Vgg and Vo can
be used to characterize RF and LO signals, respectively. RF, LO, and image frequency be

described as wgg, Wi, and wyvg, respectively, therefore we get

Vrr = Agp * €0s(wgg * t) + Apvg - cos(wpyg - 1), (3.1)
Vio = Ao * cos(wip * 1), (3.2)
VL0000 = Ao " cos(wyo - t+90°) = —ALg - sin(wyp * 1), (3.3)
and
WRF — W = WLo — WIMG- (3.4)

Signal at node D can be described as
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1
E'(X'ARF'ALo'Sin((l)RF't_(l)Lo't)

— 5 Ay A " sin(wio * t = wpme " -

2

After 90° phase shifting, signal at node D can be described as

E'a'ARF'ALO'COS(wRF't_wLO't)

5 Ao A | cos(wpo * t— g * t).

Signal at node E can be described as

1
* o Agp Ao * cos(Wgp t— wig * t)

N |

+=-a- ALO ' AIMG ' COS((A)LO t— WiMmG - t)

2

So, signal at node F can be described as

a- ARF ' ALO ' COS((A)RF t— Wio - t)

(3.5)

(3.6)

(3.7)

(3.8)

ARr, AL, and Ay denote the amplitudes of the RF, LO, and image signals, respectively,

and a is an amplitude coefficient. When the mixer goes down-conversion, Eq. (3.8) shows

the desired signal.

Next, we look at what happens when a mixer goes up-conversion. Vg can be used to

characterize the IF signal. IF frequency can be described as w;g, therefore we get

Vig = Ajp - cos(wig 1),
WRfp = Wi T Wi,
and
WiMG = WLo — WJF-
Signal at node A can be described as
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Ao s cos(wg -t +90°) - A - cos(wyp - t) (3.12)

1
= E oA ALO ' AIF ' [COS((DLO “t+90° — WIF " t) + COS((J)LO t4+90° + Wi " t)]

1
= E o ALO ' AIF ' [— Sin((L)LO t— W t) + COS((J)LO “t4+90° + Wi " t)]

Signal at node B can be described as

ALO ' COS((L)LO ' t) ' AIF ' COS((L)IF t+ 900) (313)

1
= E 0 O ALO ' AIF ' [COS((L)LO t—wpEprt— 900) + COS((J)LO T+ wpEp-t+ 900)]

1
= E o ALO . AIF ' [+ Sin((,l)LO t— WIF - t) + COS((DLO t+ WIF " t+ 900)]

So, signal at node C can be described as

oA A - cos(wg - t+ wpp - t+90°). (3.14)
A;o and A;r denote the amplitudes of the LO and IF signals, respectively, and a is an
amplitude coefficient. When the mixer goes up-conversion, Eg. (3.14) shows the desired
signal.

According to Eq. (3.1)- Eq. (3.14), the image signal elimination mechanism of the
proposed millimeter-wave up-/down-conversion image rejection module is defined.

The system block diagram of the full millimeter-wave up-/down-conversion image
rejection module, divided into two boards for discussion, is shown in Fig. 3.4. Board 1 will
be discussed below. The 1/Q mixer is HMC524ALC3B [12], as shown in Fig. 3.5 (a). This
mixer consists of a 90° hybrid and two passive mixers. According to the datasheet, it supports
RF and LO frequencies ranging from 22 to 32 GHz, IF frequencies ranging from DC to 4.5
GHz, and an image rejection ratio of 20 dB. Because the mixing operation is controlled by
the large signal at the LO port, no DC bias is required, considerably simplifying the internal
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wiring of the module with fewer substrate layers. The frequency doubler is HMC942LP4E
[13], as shown in Fig. 3.5 (b). This doubler is an x2 active frequency multiplier. According
to the datasheet, it supports input frequencies ranging from 12.5 to 15 GHz. The doubler
provides 17 dBm typical output power from 25 to 30 GHz when operated by at least a 4 dBm
input signal. The doubler also has typical input-to-output isolation of 55 dB.

Table 3.1 Specifications of HMC524ALC3B and HMC942LP4E.

HMC524ALC3B HMC942LP4E

(mixer) (doubler)

Freq. (GHz) 22-32 (RF and LO) 12.5-15 (input)

DC-4.5 (IF) 25-30 (output)

LO drive level 17 Input drive level 4

(dBm) (dBm)

Conversion loss 6 (up)/ 9 (down) Output power

(dBm)

IRR (dB) Iso. (dB) 55 (in-to-out)
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Fig. 3.4 System block diagram of the full millimeter-wave up-/down-conversion image

rejection module.
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Fig. 3.5 Functional diagrams of (a) HMC524ALC3B and (b) HMC942LP4E.

The IRR design goal of the millimeter-wave up-/down-conversion image rejection

module is greater than 20 dB; the frequency design goals are the RF frequency ranges from
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4 GHz. Since we will employ a PLL evaluation board to generate LO signal, low-frequency
LO generators are easier to obtain and less cost. According to the specification in Table 3.1,
this module employs HMC524ALC3B (mixer) and HMC942LP4E (doubler), a 4 dBm input
signal at 12.5 GHz is only required for the 1/Q mixer to operate at 27.5-29 GHz. We can
therefore use the HMC807LP6CE (VCO output power: 4-10 dBm at 12.4-13.4 GHz) [14] as
the PLL evaluation board. The millimeter-wave up/down-conversion image rejection module
is implemented on a four-layer PCB as shown in Fig. 3.6. The signal will be transmitted on
the RO4003C board. The FR4-PP and FR4 boards are added to avoid the RO4003C board
being too soft and affecting the measurement.

,’ Signal-Layer

----- Ground-Layer

8 mil RO4003C

60 mil FR4-PP
(e=4.4)

8 mil FR4
(e—=4.4)

Fig. 3.6 Four-layer PCB stacking.
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3.3 Circuit Design of The Tunable 1/Q Divider/Combiner

3.3.1 Concepts of The I/Q Divider/Combiner

A complete image rejection mixer, as defined by Eq. (3.1)- Eq. (3.14), requires a
quadrature signal divider/combiner at its IF ends, such as board 2 in Fig. 3.4. There are
numerous approaches to generating quadrature signals. A branch-line coupler [15], a Lange
coupler [15], and a power divider with left-/right-handed transmission lines [16] are three
common ways. Since a Lange coupler is constructed by four parallel coupled lines with
interconnections, it would be quite difficult to implement on a PCB. When compared with a
bandwidth criterion of -10 dB reflection coefficient, the power divider is superior since a
broadband branch-line coupler typically requires a multi-section design [17]-[22], which
implies it requires a larger area. Both of them can be designed to have a similar phase
difference. The amplitude imbalance of the power divider is essentially smaller when the
power ratio of the two outputs is designed as 1:1. As a result, the fundamental configuration
of the 1/Q divider/combiner is a power divider with left-/right-handed transmission lines.
However, inaccuracies will occur during the manufacturing of each board or component. The
phase imbalance and amplitude imbalance between the two IF outputs of board 1 are
measured using a KEYSIGHT DSOS804A digital storage oscilloscope (8 GHz), as shown in

Fig. 3.4.
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Fig. 3.7 Measured phase difference (IF2 minus IF1) of sample #1,2.
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Fig. 3.8 Measured amplitude imbalance (IF> minus 1F1) of sample #1,2.
Samples #1 and #2 are both the board 1 in Fig. 3.4. The phase difference and amplitude
imbalance of the two IF outputs are different, as shown in Fig. 3.7 and Fig. 3.8. Because of

these differences, each sample of this module will have a distinct IRR.
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We need to construct an 1/Q divider/combiner with tunable phase and amplitude
functions to deal with the varied phase difference and amplitude imbalance.

The proposed tunable 1/Q divider/combiner is shown in Fig. 3.9. It is composed of a
Wilkinson power divider (block A), left/right transmission lines (block B), and a T-type
attenuator (block C). Because the right-handed transmission line is generally built as a
microstrip line, the capacitors on the left-handed transmission line are replaced with varactors
to control the phase tuning. The amplitude tuning is controlled by the T-type attenuator. The
proposed tunable 1/Q divider/combiner is implemented on a 0.6 mm thick FR4 PCB.

Considering that the IF frequency in the following chapter is 3-5 GHz, the proposed
tunable 1/Q divider/combiner has a frequency design goal of 2.5-5 GHz and the center
frequency is set at 4 GHz. The design goal of the tunable phase difference is 80-100° at 2.5-
5 GHz while the tunable amplitude imbalance is (-1)-1 dB. The design goal of the reflection

coefficient is less than -10 dB at 2.5-5 GHz.

|

@ Transmission Line
<>} PIN Diode
-M- Varactor

e

Fig. 3.9 Proposed tunable 1/Q divider/combiner.
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3.3.2 Design of The Wilkinson Power Divider

—) 2
Tep
1 % Rep e Transmission Line
Tep
q 3

Fig. 3.10 Wilkinson power divider.
The Wilkinson power divider is shown in Fig. 3.10. It is composed of two quarter-
wavelength transmission lines (Tep) and a resistor (Rep). The system impedance is 50 Q, the
impedance of Tep is 5072 Q, and Rep is 100 Q [15]. The Wilkinson power divider’s layout

is shown in Fig. 3.11.
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Fig. 3.11 Layout of the Wilkinson power divider.

The Wilkinson power divider is symmetrical, as shown in Fig. 3.11. Line A'is a 50 Q
transmission line for soldering the SMA connector. The whole Tpp is contained in Block B.
Gap C is where Rep will be soldered. The Rpp is connected to the Tpp through Line D. Lines

E and F are connected to the next stage. The detailed dimensions are shown in Table 3.2.
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Table 3.2 Dimensions of line A, block B, gap C, line D/E/F, and length G/H.

Each Part

Length (mm)/ Width (mm)

Line A

5/1.1

Block B (Tep)

12.4/ 0.6

Gap C

0.7

Line D

1.1/ 0.6

Line E

1/ 0.6-1.1 (taper)

Line F

1/1.1

Length G

12.3

Length H

11.4

The simulated S-parameters of the Wilkinson power divider are shown in Fig. 3.12 and

Fig. 3.13. Port numbers are shown in Fig. 3.10. |S11| has a minimum of -28.9 dB at 3.6 GHz

and is less than -10 dB from 2 to 6 GHz. |S22| and |Ss3| are both less than -20 dB from 2 to 5.6

GHz. |Ss32| has a minimum of -36.9 dB at 3.9 GHz and is less than -10 dB from 2 to 5.5 GHz.

|S21] and |Ss1| have a maximum of -3.2 dB at 3.4 GHz and a bandwidth of 0.5 dB from 2 to

5.6 GHz.
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Fig. 3.12 Simulated S-parameter (S11,22,33,32) of the Wilkinson power divider in Fig. 3.10.
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Fig. 3.13 Simulated S-parameter (S21,31) of the Wilkinson power divider in Fig. 3.10.
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3.3.3 Design of The Tunable Left-/Right-Handed Transmission Lines

o—| I o—ww—maw—o
1
(b)

Fig. 3.14 Conventional (a) left- and (b) right-handed transmission lines.

(a)

The conventional left-/right-handed transmission lines are shown in Fig. 3.14. We use
a microstrip line to implement the right-handed transmission line in general design since they
have the same equivalent circuit and can reduce the need for lumped elements. The

capacitance and inductance of the left-handed transmission line can be calculated by
co 1 1+ cosB (3.15)
_\/E-Zo-u) 1—cos®

2, (3.16)

w-sin®

and

Z, denotes the system impedance, w denotes the angular frequency, and 6 denotes the phase
of the left-handed transmission line [23].

To implement a tunable phase mechanism, the capacitors on the left-handed
transmission line are replaced by varactors. As shown in Fig. 3.15, the proposed left-handed
transmission line is composed of two reverse-biased varactors and an inductor (L.). Its input
and output are both connected to Cgiock for DC blocking. The voltage Vpnase controls the

capacitance of both varactors, and Lchoke is an RF choke for DC feeding. The proposed right-
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handed transmission line (Tright) IS composed of a 50 Q microstrip line and its output is
connected to Caiock for DC blocking.

10—-”—02

TRight CBlock
@ Transmission Line

-Dll- Varactor

CBlock CBIock

s o o

LChoke LL LChoke

VPhase VPhase

Fig. 3.15 Proposed left-/right-handed transmission lines.

The Skyworks SMV2203-040LF [24] varactor is used in the left-handed transmission
line. The simulated frequency response of the varactor’s capacitance is shown in Fig. 3.16.
Except for Vg= 0V, the responses of Ve= 1-22 V are relatively flat. As a result, Ve=1V is
the tunable voltage's minimum. When operating at 4 GHz, 2 pF is the median of the tunable
capacitance, therefore we choose 2 pF as varactors’ capacitance to design the 90° phase
difference between the left- and right-handed transmission lines.

Assuming that the left-handed transmission line has a 45° phase (0 is 45°), we can
estimate the capacitance (1.4 pF) and inductance (4 nH) using Eq. (3.15) and Eq. (3.16).
Considering that we choose 2 pF as varactors’ capacitance, the inductance will be replaced

with 2.9 nH to retain the 45° phase provided by the left-handed transmission line.
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Fig. 3.16 Simulated capacitance of the varactor (SMV2203-040LF) (reverse bias Vg, 0-22
V).

The left-handed transmission line is symmetrical, as shown in Fig. 3.17. Line A connects
the L. to the ground. Gap B is where the varactor will be soldered. Line C is an open stub
used to compensate for the parasitic inductance introduced by component soldering. Lines D
and E connect the varactor to the Cgiock and the Lcnoke, respectively. Gap F is where the
inductors (LL and Lchoke) Will be soldered. Line G connects the Lchoke to the DC power supply.
Lines H and | connect the two varactors and the L.. The detailed dimensions and soldering
positions are shown in Table 3.3 and Fig. 3.18, respectively.

The S-parameters of the lumped elements measured by TRL calibration are used in the
EM simulation of the left-/right-handed transmission lines to obtain accurate phase
information. The phase of the left-handed transmission line at 4 GHz is approximate -82°, as

shown in Fig. 3.19. To achieve a 90° phase difference, the right-handed transmission line's
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phase must be -172°. Block N in Fig. 3.20 shows the right-handed transmission line (Trignt).

The detailed dimensions are shown in Table 3.3.

Fig. 3.17 Layout of the left-handed transmission line.
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Table 3.3 Dimensions of line A, gap B/F, line C, line D/H, line E/I, line G, length J/K/L/M,

and block N

Each Part Length (mm)/ Width (mm)

Line A

1.6/ 0.8

Gap B/F

0.5

Line C

Line D/H

Line E/I

Line G

LengthJ

Length K

7

Length L

11

Length M

8.7

Block N (Tright)
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-

Chok

Cgioa= 100 pF
LChoke= 30 nH
Li=2.9nH

Fig. 3.18 Soldering positions of the left-handed transmission line.
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Fig. 3.19 Simulated phase of the left-/right-handed transmission lines.
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Fig. 3.20 Layout of the right-handed transmission line.

The simulated phase difference between the left-/right-handed transmission lines is
shown in Fig. 3.21. When the reverse bias Vg is 1-8 V, it yields a phase of 78.7-104.8° at 4
GHz. The simulated reflection coefficient of the left-handed transmission line is shown in
Fig. 3.22. It is less than -10 dB from 2 to 5.2 GHz when the reverse bias Vg is 1-8 V. The
simulated reflection coefficient of the right-handed transmission line is shown in Fig. 3.23.

It has a minimum of -23.4 dB at 4 GHz and is less than -15 dB from 2 to 6 GHz.
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Fig. 3.21 Simulated phase difference between the left-/right-handed transmission lines
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Fig. 3.22 Simulated reflection coefficient of the left-handed transmission line (reverse bias

Vg, 1-8 V).
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Fig. 3.23 Simulated reflection coefficient of the right-handed transmission line.

3.3.4 Design of The Tunable T-Type Attenuator

Ry Ry

o—yWW- O

Fig. 3.24 Conventional T-type attenuator.

The conventional T-type attenuator is shown in Fig. 3.24. The resistance of a T-type

attenuator is calculated by

A= Vour _ R; (3.17)
Vin’ Ri+R,+7Z)

and
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Attenuation (dB) = 20 - log(A). (3.18)
Z, is the system impedance. When R, is large, A is extremely near to 1 and Attenuation is
very close to 0 dB [23].

We replace the resistor (R,) of the T-type attenuator with a PIN diode to construct a
tunable amplitude mechanism. The proposed T-type attenuator is composed of a forward-
biased PIN diode and two resistors, as shown in Fig. 3.25. The attenuation is controlled by a
PIN diode via the voltage VampriampL. Lchoke IS @an RF choke for DC feeding. If we set port 2
to be output, we must connect a Cgiock for DC blocking of the tunable 1/Q divider/combiner.

The PIN diode in the proposed T-type attenuator is MADP-000907-14020P from
MACOM [25]. According to the datasheet, it has a maximum total capacitance value of 0.03
pF. This small capacitance has a very large impedance, which allows A to remain near to 1
and Attenuation to remain close to 0 dB. The simulated attenuation of the T-type attenuator
with ideal lumped elements (Ra and Lchoke) and without EM consideration as shown in Fig.
3.26. Without bias, there is around -0.3 dB attenuation at 4 GHz when Ra is 2 Q and Lchoke
is 30 nH. The forward bias 0.9-1 V curves indicate that the PIN diode is about to be turned

on, and the attenuation will increase rapidly.
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Fig. 3.25 Proposed T-type attenuator.
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Fig. 3.26 Attenuation’s ideal simulation of the T-type attenuator (forward bias V ampr/ampL,
0-1V).

The T-type attenuator is symmetrical except for lines G and H and gap F, as shown in

Fig. 3.27. The Ra is connected to the front stage via Line A. Gap B is where the Ra will be

soldered. Line C is an open stub used to compensate for the parasitic inductance introduced

by component soldering. Line D connects the two Ras. Line E connects the two Ras and

Lchoke and PIN diode. Gap F is the soldering area for the Lchoke. Line G connects the Lchoke
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to the DC power supply. Gap | is where the PIN diode will be soldered. The PIN diode is

connected to the ground through Line J. The detailed dimensions and soldering positions are

shown in Table 3.4 and Fig. 3.28, respectively.

Fig. 3.27 Layout of the T-type attenuator.

Table 3.4 Dimensions of line A, gap B, line C/D/E, gap F, line G/H, gap I, line J, and

Each Part

length K/L.

Length (mm)/ Width (mm)

Line A

1/0.6

Gap B

0.7

Line C
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Line D

Line E

Gap F

Line G

Line H

Gap |

LineJ

Length K

Length L

Calock - Ra Ra - Calock

CBlock: 100 pF
Lchoke= 30 nH
Ra=2Q

Fig. 3.28 Soldering positions of the T-type attenuator.
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The S-parameters of the lumped elements measured by TRL calibration are used in the
EM simulation of the T-type attenuator to obtain accurate amplitude information. The
simulated attenuation and reflection coefficient of the T-type attenuator with EM
consideration (except line E in Fig. 3.27) are shown in Fig. 3.29 and Fig. 3.30. When the
forward bias is 0.95-1 V, the attenuation is about 0.5 dB larger than the ideal case at 4 GHz.
When the forward bias is 0-1 V, the reflection coefficients are all within (-10)-(-15) dB at 2-
6 GHz.

With line E’s EM consideration, the attenuation is fast increasing as shown in Fig. 3.31.
Without bias, there is around -0.5 dB attenuation at 4 GHz. When the forward bias is 0.9-1
V, the attenuation ranges from -0.57 to -2.48 dB at 4 GHz. With line E’s EM consideration,
the reflection coefficient is shown in Fig. 3.32. It has a minimum of less than -30 dB at 4
GHz when the forward bias is 0-0.95 V, and a value of less than -10 dB from 2 to 5.2 GHz
when the forward bias is 0-1 V. Although the attenuation is fast increasing, a minor difference
in attenuation can be tuned due to the amplitude tuning at port 2,3 in Fig. 3.9. When the
forward bias is 0-0.95 V, the reflection coefficient is excellent at 4 GHz; when the forward

bias is 1 V, it begins to deteriorate but remains less than -10 dB from 2 to 5.2 GHz.
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Fig. 3.29 Attenuation’s EM simulation (without line E in Fig. 3.27) of the T-type attenuator
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Fig. 3.30 Simulated reflection coefficient (without line E in Fig. 3.27) of the T-type

attenuator (forward bias V ampriampr, 0-1 V).
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Fig. 3.31 Attenuation’s EM simulation of the T-type attenuator (forward bias V ampr/ampL,

S-Parameter (dB)

0-1 V).
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Fig. 3.32 Simulated reflection coefficient of the T-type attenuator (forward bias V ampr/ampL,

0-1 V).
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3.3.5 Simulations of The Tunable I/Q Divider/Combiner

Fig. 3.33 Layout of the tunable 1/Q divider/combiner.

The tunable 1/Q divider/combiner’s layout is shown in Fig. 3.33 and the schematic is
shown in Fig. 3.9. Lines A and B are the 50 Q transmission lines used to solder the SMA

connectors. The detailed dimensions are shown in Table 3.5.
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Table 3.5 Dimensions of line A/B and length C/D.

Each Part Length (mm)/ Width (mm)

Line A 10/ 1.1

Line B 10/ 1.1

Length C 29.1

Length D 35.7

When Vehase is 0-6 V, Fig. 3.34 shows the simulated phase difference between the
tunable 1/Q divider/combiner’s port 2,3 in Fig. 3.9. In this case, we only have phase tuning;
when the phase is close to 90° at 4 GHz, the amplitude imbalance is set close to 0 dB (0.9 V
for VampL and 0.95 V for Vampr). From 3.5-4.8 GHz, there are about 80-100° of phase
differences that can be tuned, and the reflection coefficients are all less than -10 dB as shown
in Fig. 3.35. Fig. 3.36 shows the simulated amplitude imbalance between the tunable 1/Q
divider/combiner’s port 2,3 in Fig. 3.9 when Vpnase is 0-6 V. Without amplitude tuning, the

variation of amplitude imbalance does not exceed 0.3 dB at 4 GHz.
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Fig. 3.34 Simulated phase difference between the tunable 1/Q divider/combiner’s port 2,3 in

Fig. 3.9 (Vx, 0-6 V).
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Fig. 3.35 Simulated reflection coefficient of the tunable 1/Q divider/combiner’s port 3 in

Flg 39 VPhase, 0'6 V)
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Fig. 3.36 Simulated amplitude imbalance between the tunable 1/Q divider/combiner’s port
2,3 in Fig. 3.9 (Vphase, 0-6 V).

When Vampr is 0.95-1 V, Fig. 3.37 shows the simulated amplitude imbalance between
the tunable 1/Q divider/combiner’s port 2,3 in Fig. 3.9. We only have the amplitude tuning
of Vampr in this case, the phase difference is set close to 90° (3.1 V for Vpnase) at 4 GHz and
VampL 15 0.9 V. It has a 2 dB amplitude variation at 4 GHz, and the reflection coefficients are
all less than -10 dB when Vampr is 0.95-1 V as shown in Fig. 3.38. Fig. 3.39 shows the
simulated phase difference between the tunable 1/Q divider/combiner’s port 2,3 in Fig. 3.9
when Vampr is 0.95-1 V. Without phase tuning, the variation of phase difference does not

exceed 7° at 4 GHz.
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Fig. 3.37 Simulated amplitude imbalance between the tunable 1/Q divider/combiner’s port

2,3 in Fig. 3.9 (Vamp, 0.95-1 V).
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Fig. 3.38 Simulated reflection coefficient of the tunable I/Q divider/combiner’s port 2 in

Fig. 3.9 (Vampr, 0.95-1 V).
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Fig. 3.39 Simulated phase difference between the tunable 1/Q divider/combiner’s port 2,3 in
Fig. 3.9 (Vampr, 0.95-1 V).

When V ampL s 0.9-0.98 V, Fig. 3.40 shows the simulated amplitude imbalance between
the tunable 1/Q divider/combiner’s port 2,3 in Fig. 3.9. We only have the amplitude tuning
of VampL in this case, the phase difference is set close to 90° (3.1 V for Vpnase) at 4 GHz and
Vampr 15 0.95 V. It has a 1.1 dB amplitude variation at 4 GHz, and the reflection coefficients
are all less than -10 dB when VampL is 0.9-0.98 V as shown in Fig. 3.41. Fig. 3.42 shows the
phase difference between the tunable 1/Q divider/combiner’s port 2,3 in Fig. 3.9 when V ampL
is 0.9-0.98 V. Without phase tuning, the variation of phase difference does not exceed 2° at

4 GHz.
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Fig. 3.40 Simulated amplitude imbalance between the tunable 1/Q divider/combiner’s port

2,3 in Fig. 3.9 (VampL, 0.9-0.98 V).

0 VAmpL(V)
—4—0.9
= —0—0.91
—4—0.92
™) ——0.93
E -10 +0.94
o ——0.95
5 —0—0.96
£ —0—0.97
£ 15
g —0—0.98
[\)
a
» -2
-25

2.0 25 3.0 35 4.0 4.5 5.0 5.5 6.0
IF Frequency (GHz)

Fig. 3.41 Simulated reflection coefficient of the tunable 1/Q divider/combiner’s port 3 in

Fig. 3.9 (VampL, 0.9-0.98 V).
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Fig. 3.42 Simulated phase difference between the tunable 1/Q divider/combiner’s port 2,3 in

Fig. 3.9 (VampL, 0.9-0.98 V).

The simulated phase difference and amplitude imbalance between the tunable 1/Q

divider/combiner’s port 2,3 in Fig. 3.9 with a (-20)-10 dBm power sweep (at 4 GHz) are

shown in Fig. 3.43 and Fig. 3.44, respectively. The phase difference is about 10° if the power

has to be driven to 6 dBm. The amplitude imbalance is about 0.9 dB if the power has to be

driven to -4 dBm. The simulated S-parameter of the tunable 1/Q divider/combiner in Fig. 3.9

with a (-20)-10 dBm power sweep (at 4 GHz) is shown in Fig. 3.45. If the power is over 4

dBm, |S22| and |Sas| will be greater than -10 dB. Even if the employment of varactors and PIN

diodes causes the tunable I/Q divider/combiner's phase and amplitude to vary considerably

under high power operation, the tuning function might compensate.
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Fig. 3.43 Simulated phase difference between the tunable 1/Q divider/combiner’s port 2,3 in

Fig. 3.9 with a (-20)-10 dBm power sweep (at 4 GHz).
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Fig. 3.44 Simulated amplitude imbalance between the tunable I/Q divider/combiner’s port

2,3 in Fig. 3.9 with a (-20)-10 dBm power sweep (at 4 GHz).
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Fig. 3.45 Simulated S-parameter (S11,22,33,32) Of the tunable 1/Q divider/combiner in Fig. 3.9

with a (-20)-10 dBm power sweep (at 4 GHz).

3.4 Experimental Results

3.4.1 Millimeter Wave Up-/Down-Conversion Image Rejection Module

IF, IR,

Fig. 3.46 HMC524ALC3B (mixer) evaluation board with 2.92 mm end launch connectors.
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HMC524ALC3B

Fig. 3.47 HMC524ALC3B (mixer) evaluation board’s layout.

The HMC524ALC3B (mixer) evaluation board with 2.92 mm end launch connectors is
shown in Fig. 3.46 and its layout is shown in Fig. 3.47. To measure large signals, we use an
Agilent E8257D (250 kHz- 67 GHz) signal generator for RF/IF signal, a KEYSIGHT
E8267D (250 kHz- 44 GHz) signal generator for LO signal, and an Agilent E4448A (3 Hz-
50 GHz) spectrum analyzer to measure large signals (RF/IF output power). According to the
datasheet [12], the conversion gain is calculated as IF1 power minus RF power (down-
conversion) or RF power minus IFy power (up-conversion) in dBm, and the IF, port is
connected to the 50 Q termination. Besides, with the conversion gain's definition G (dB) of
the mixer core in Fig. 3.48, we can obtain IF power minus RF power (or RF power minus IF
power) as G dB and IF1 power minus RF power (or RF power minus IF; power) as (G-3) dB
if we connect an ideal IF divider/combiner, and assume that the RF divider/combiner is also

ideal (the datasheet does not mention its insertion 1oss).
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Fig. 3.48 Measured calculation’s schematic of conversion gain.

The measured conversion gain vs. LO power of the HMC524 ALC3B (mixer) evaluation
board is shown in Fig. 3.49 when RF frequency is 28 GHz, LO frequency is 25 GHz, and IF
frequency is 3 GHz. When the LO power is greater than 14 dBm, both up-/down-conversion
have maximum conversion gain (-5 dB for up-conversion and -8.2 dB for down-conversion).

The measured IP1gs of the HMC524ALC3B (mixer) evaluation board is shown in Fig.
3.50 when RF frequency is 28 GHz, LO frequency is 25 GHz, IF frequency is 3 GHz, and
LO power is 14 dBm. Up-conversion is about 2 dBm and down-conversion is about 11 dBm.

The measured bandwidth of the HMC524 ALC3B (mixer) evaluation board is shown in
Fig. 3.51 when LO frequency is 25 GHz and LO power is 14 dBm. The conversion gain range

of up-conversion is 0.5 dB and the conversion gain range of down-conversion is 0.8 dB from

2.5-5 GHz.
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CG (dB)

LO Power (dBm)

Fig. 3.49 Measured conversion gain (CG) vs. LO power of the HMC524ALC3B (mixer)

evaluation board (up-/down-conversion).

RF (Down)/IF (Up) Power (dBm)

Fig. 3.50 Measured conversion gain (CG) vs. RF (down-conversion)/IF (up-conversion)

power of the HMC524ALC3B (mixer) evaluation board.
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Fig. 3.51 Measured conversion gain (CG) vs. bandwidth of HMC524ALC3B (mixer)

evaluation board (up-/down-conversion).

Fig. 3.52 HMC942LP4E (doubler) evaluation board with 2.92 mm end launch connectors.
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Fig. 3.53 HMC942LP4E (doubler) evaluation board’s layout.

The HMC942LP4E (doubler) evaluation board with 2.92 mm end launch connectors is
shown in Fig. 3.52 and its layout is shown in Fig. 3.53. We use a KEYSIGHT E8267D (250
kHz- 44 GHz) signal generator for IN signal, an Agilent E4448A (3 Hz- 50 GHz) spectrum
analyzer to measure the OUT signal, and a GWINSTEK PST-3202 (32 V,2 Ax2/6 V,5 A
x1) power supply for DC supplying (Vob).

The measured IN (12.5 GHz) power vs. OUT (25 GHz) power of the HMC942LP4E
(doubler) evaluation board is shown in Fig. 3.54. When the IN power is greater than 2 dBm,
it has an OUT power greater than 14 dBm. When the IN power is greater than 8 dBm, it has

an OUT power greater than 17 dBm.
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Fig. 3.54 Measured IN (12.5 GHz) power vs. OUT (25 GHz) power of the HMC942LP4E

(doubler) evaluation board.

Fig. 3.55 Millimeter-wave up-/down-conversion image rejection module evaluation board

(board 1 in Fig. 3.4) with 2.92 mm end launch connectors.
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Fig. 3.56 Millimeter-wave up-/down-conversion image rejection module evaluation board’s
(board 1 in Fig. 3.4) layout.

The millimeter-wave up-/down-conversion image rejection module evaluation board
(board 1 in Fig. 3.4) with 2.92 mm end launch connectors is shown in Fig. 3.55 and its layout
is shown in Fig. 3.56. The 1/2 LO signal is the same as the IN signal in Fig. 3.52. When
giving a signal greater than 2 dBm at 12.5 GHz into the 1/2 LO port, there will be a signal
greater than 14 dBm at 25 GHz fed into the LO port in Fig. 3.46. The up-/down-conversion

mixer will operate with maximum conversion gain.
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3.4.2 Tunable I/Q Divider/Combiner

Fig. 3.57 Tunable 1/Q divider/combiner with SMA connectors.

The tunable 1/Q divider/combiner with SMA connectors is shown in Fig. 3.57. We use
an Agilent N5230A (300 kHz- 20 GHz) 4 ports network analyzer to measure S-parameters
and a GWINSTEK PST-3202 (32 V,2 A x2/6 V, 5 A x1) power supply for DC supplying
(Vphase and VampriampL). We will present the measurement of three samples with phase
differences of 80, 90, and 100° from 2.5-5 GHz (0.5 GHz per step). Each phase difference’s
measurement status is an amplitude imbalance close to 0 dB.

The S-parameters measurement of sample #1,2,3 and EM simulation of the tunable 1/Q
divider/combiner when the phase has a 90° tuning and amplitude imbalance is close to 0 dB
for each frequency (2.5-5 GHz) are shown in Fig. 3.58- Fig. 3.63. Port numbers are shown
in Fig. 3.57. |S11| of three samples is less than -13.7 dB from 2.5-5 GHz. |Sz2| of three samples
is less than -12.4 dB from 2.5-4.5 GHz. |Sa3| of three samples is less than -10 dB from 3-5

GHz. |Ss2| of three samples is less than -19 dB from 2.5-5 GHz. |S21| and |Ss1| of three samples
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are both between (-4.7)-(-6.4) dB from 2.5-5 GHz. The detailed phase control voltages (Vehase)

are shown in Table 3.6.

I | —o—sm—e—mEA#1 |
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Fig. 3.58 S-parameter (S11) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 1 in Fig. 3.57 (90°, 2.5-5 GHz).
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Fig. 3.59 S-parameter (S22) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 2 in Fig. 3.57 (90°, 2.5-5 GHz).
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Fig. 3.60 S-parameter (Sz3) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 3 in Fig. 3.57 (90°, 2.5-5 GHz).
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Fig. 3.61 S-parameter (Sz2) measurement (#1,2,3) and EM simulation of the tunable 1/Q

Parameter (dB)

S

Fig. 3.62 S-parameter (S21) measurement (#1,2,3) and EM simulation of the tunable 1/Q

S-Parameter (dB)

divider/combiner’s port 2,3 in Fig. 3.57 (90°, 2.5-5 GHz).
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Fig. 3.63 S-parameter (S31) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 1,3 in Fig. 3.57 (90°, 2.5-5 GHz).

Table 3.6 Vpnase 0f 3 samples when the phase is 90° and amplitude imbalance is close to 0

90°_Freq. (GHz)

dB from 2.5-5 GHz.

#1’s Vphase (V)

#2’s Vphase (V)

#3’s Vphase (V)

2.5

0.8

0.2

0.16

3

3

2

2

3.5

4.1

3

3.1

4

4.2

3

3.1

3.1

The S-parameters measurement of sample #1,2,3 and EM simulation of the tunable 1/Q

divider/combiner when the phase has an 80° tuning and amplitude imbalance is close to 0 dB

for each frequency (2.5-5 GHz) are shown in Fig. 3.64- Fig. 3.69. Port numbers are shown

in Fig. 3.57. Samples #2 and #3 have no data at 2.5 GHz because Vpnase can’t be less than 0

V. Samples #2 and 3 have no data at 5 GHz since their |Ss3| is greater than -10 dB. |S11| of

three samples is less than -13.4 dB from 2.5-5 GHz. |S»;| of three samples is less than -11.8

dB from 2.5-5 GHz. |Ss3| of sample #1 is less than -10.2 dB from 2.5-5 GHz. |Ss3| of sample

#2 and #3 is less than -12.9 dB from 3-4.5 GHz. |Ss2| of three samples is less than -19.8 dB

from 2.5-5 GHz. |Sy1| and |Ss1| of three samples are both between (-4.8)-(-6.6) dB from 2.5-

5 GHz. The detailed phase control voltages (Vphase) are shown in Table 3.7.
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Fig. 3.64 S-parameter (S11) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 1 in Fig. 3.57 (80°, 2.5-5 GHz).
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Fig. 3.65 S-parameter (S22) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 2 in Fig. 3.57 (80°, 2.5-5 GHz).
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Fig. 3.66 S-parameter (Sz3) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 3 in Fig. 3.57 (80°, 2.5-5 GHz).

0 : 5 . .
S I | —O—SIM.—@—MEA#1 |
ol | —A—MEA#2 —9— MEA#3

S-Parameter (dB)

2.5 3.0 3.5 4.0 4.5 5.0
IF Frequency (GHz)

Fig. 3.67 S-parameter (S32) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 2,3 in Fig. 3.57 (80°, 2.5-5 GHz).
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S-Parameter (dB)

IF Frequency (GHz)

Fig. 3.68 S-parameter (S21) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 1,2 in Fig. 3.57 (80°, 2.5-5 GHz).

P | —O—sIM.—e—MEA#1 |
[ | —A—MEA#2 —w—MEA#3

S-Parameter (dB)

IF Frequency (GHz)

Fig. 3.69 S-parameter (S31) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 1,3 in Fig. 3.57 (80°, 2.5-5 GHz).
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Table 3.7 Vpnase 0f 3 samples when the phase is 80° and amplitude imbalance is close to 0

80°_Freq. (GHz)

dB from 2.5-5 GHz.

#1’s Vphase (V)

#2’s Vphase (V)

#3’s Vphase (V)

2.5

0

X

X

3

0.5

0 (829

0 (829

3.5

1.6

0.55

0.7

4

1.9

0.7

0.7

2.1 0.6

0.9 X

The S-parameters measurement of sample #1,2,3 and EM simulation of the tunable 1/Q
divider/combiner when the phase has a 100° tuning and amplitude imbalance is close to 0 dB
for each frequency (2.5-5 GHz) are shown in Fig. 3.70- Fig. 3.75. Port numbers are shown
in Fig. 3.57. |S11| of three samples is less than -11.7 dB from 2.5-5 GHz. |Sz,| of three samples
is less than -10.5 dB from 2.5-5 GHz. |Ss3| of three samples is less than -10 dB from 2.5-5
GHz. |S3;| of three samples less than -18.4 dB from 2.5-5 GHz. |Sz1| and |Ss31| of three samples
are both between (-4.7)-(-6) dB from 2.5-5 GHz. The detailed phase control voltages (Vphase)

are shown in Table 3.8.
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I | —o—sm—e—mEA#1 |
] | —A—MEA#2 —w— MEA#3

S-Parameter (dB)

2.5 3.0 3.5 4.0 4.5 5.0
IF Frequency (GHz)

Fig. 3.70 S-parameter (S11) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 1 in Fig. 3.57 (100°, 2.5-5 GHz).

i | —o—sim. —e—mEA#
. | —A—MEA#2 —y— MEA#3

N
o

N
o

S-Parameter (dB)

2.5 3.0 3.5 4.0 4.5 5.0
IF Frequency (GHz)

Fig. 3.71 S-parameter (S22) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 2 in Fig. 3.57 (100°, 2.5-5 GHz).
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Fig. 3.72 S-parameter (Sz3) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 3 in Fig. 3.57 (100°, 2.5-5 GHz).

P | —O—sSIM.—e—MEA#1 |
N | —A—MEA#2 —w— MEA#3

S-Parameter (dB)

2.5 3.0 3.5 4.0 4.5 5.0
IF Frequency (GHz)

Fig. 3.73 S-parameter (Sz2) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 2,3 in Fig. 3.57 (100°, 2.5-5 GHz).
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I | —A—MEA#2 —w—MEA#3

S-Parameter (dB)
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Fig. 3.74 S-parameter (S21) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 1,2 in Fig. 3.57 (100°, 2.5-5 GHz).

P | —O—sIM.—e—MEA#1 |
[ | —A—MEA#2 —w—MEA#3

S-Parameter (dB)

IF Frequency (GHz)

Fig. 3.75 S-parameter (S31) measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner’s port 1,3 in Fig. 3.57 (100°, 2.5-5 GHz).
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Table 3.8 Vpnase 0f 3 samples when the phase is 100° and amplitude imbalance is close to 0

100°_Freq. (GHz)

dB from 2.5-5 GHz.

#1’s Vphase (V)

#2’s Vphase (V)

#3’s Vphase (V)

2.5

2.9

2

2.1

3

5.2

4.4

3.5

6

5.3

4

6

5.1

5.3

The group delay measurement of sample #1,2,3 and EM simulation of the tunable 1/Q

divider/combiner when the phase has a 90° tuning and amplitude imbalance is close to 0 dB

at 2.5-5 GHz is shown in Fig. 3.76. Three samples are less than 0.6 nsec.
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Fig. 3.76 Group delay measurement (#1,2,3) and EM simulation of the tunable 1/Q

divider/combiner in Fig. 3.57 (90°, 0 dB).

3.4.3 Image Rejection Ratio (IRR)

As shown in Fig. 3.77, we use two identical cables (SMA; phase and amplitude are very

close) to connect IF1 in Fig. 3.55 to port 2,3 in Fig. 3.57. We use an Agilent E8257D (250

kHz- 67 GHz) signal generator for RF/IF signal, a KEYSIGHT E8267D (250 kHz- 44 GHz)

signal generator for 1/2 LO signal, an Agilent E4448A (3 Hz- 50 GHz) spectrum analyzer to

measure large signals (RF/IF output power), a GWINSTEK PST-3202 (32 V,2 Ax2/6 V, 5

A x1) power supply for DC supplying (doubler’s Vpp and Vphase) and a KEYSIGHT

E36311A (6 V, 5 A/+25V, 1 A) power supply for DC supplying (Vampr/ampL).
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RFInput/Output

Identical Cables "
(opposite connection
when up-conversion)

) Vbp
i VAmpL - % LO

Fig. 3.77 Connection of the millimeter-wave image rejection module (down-conversion).

The measured conversion gain vs. LO power of the millimeter-wave up-/down-
conversion image rejection module with the tunable 1/Q divider/combiner (sample #3) is
shown in Fig. 3.78 when RF frequency is 28 GHz, LO frequency is 25 GHz, and IF frequency
is 3 GHz. The conversion gain is calculated as IF power minus RF power (down-conversion)
or RF power minus IF power (up-conversion) in dBm, as shown in Fig. 3.48. When the 1/2
LO power is 4 dBm, both up-/down-conversion have maximum conversion gain (-3.7 dB for
up-conversion and -6.9 dB for down-conversion).

The measured IPigs of the millimeter-wave up-/down-conversion image rejection
module with the tunable 1/Q divider/combiner (sample #3) is shown in Fig. 3.79 when RF
frequency is 28 GHz, LO frequency is 25 GHz, IF frequency is 3 GHz, and 1/2 LO power is

4 dBm. Up-conversion is about 1 dBm and down-conversion is about 11 dBm.
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Fig. 3.78 Measured conversion gain (CG) vs. LO power of the millimeter-wave image

rejection module (up-/down-conversion).
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Fig. 3.79 Measured IP14g of the millimeter-wave image rejection module (up-/down-

conversion).
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The measured bandwidth of the millimeter-wave up-/down-conversion image rejection
module with the tunable 1/Q divider/combiner (sample #3) is shown in Fig. 3.80 when LO
frequency is 25 GHz and 1/2 LO power is 4 dBm. The conversion gain range of up-
conversion is about 1.5 dB and the conversion gain range of down-conversion is about 1.9

dB from 2.5-5 GHz.

CG (dB)

IF Frequency (GHz)
Fig. 3.80 Measured bandwidth of the millimeter-wave image rejection module (up-/down-
conversion).

The measured IRR of the millimeter-wave up-/down-conversion image rejection
module with the tunable 1/Q divider/combiner (sample #3) when LO frequency is 25 GHz,
IF frequency is 2.5-5 GHz, and 1/2 LO power is 4 dBm as shown in Fig. 3.81. To achieve
the best IRR, we tune the phase and amplitude at each frequency. Except for 2.5 and 5 GHz,
the other four frequency points can achieve or exceed 50 dB IRR during up-/down-
conversion. The IRRs of 2.5 and 5 GHz are also quite good, at around 30 dB when up-/down-

conversion. The detailed control voltages are shown in Table 3.9.
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IF Frequency (GHz)
Fig. 3.81 Measured IRR of the millimeter-wave up-/down-conversion image rejection
module with the tunable 1/Q divider/combiner (LO, 25 GHz/IF, 2.5-5 GHz).
Table 3.9 Vphase, VampL, and V ampr (sample #3) when tuning the phase and amplitude at 2.5,

3, 3.5,4,4.5and 5 GHz to achieve the best IRR.

Up_Freq. (GHz) Vphase (V) VampL (V) Vampr (V)

2 1.02

6.4 1.04

6.5 0.9

6.6 0

0.9

Down_Freq. (GHz) Vphase (V) VampL (V) Vampr (V)
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The measured phase difference and amplitude imbalance of the tunable 1/Q

divider/combiner (sample #3) are shown in Fig. 3.82 and Fig. 3.83, respectively. At 3, 3.5, 4,
and 4.5 GHz, we only have 90° phase tuning and 0 dB amplitude tuning. In an 800 MHz
bandwidth, the 3 GHz curve has a 10° phase difference with a 0.6 dB amplitude imbalance,
the 3.5 GHz curve has a 3° phase difference with a 0.1 dB amplitude imbalance, the 4 GHz
curve has a 0.8° phase difference with 0.3 dB amplitude imbalance, and the 4.5 GHz curve
has a 2.4° phase difference with 0.2 dB amplitude imbalance. As shown in Fig. 3.84- Fig.
3.87, the 3.5, 4, and 4.5 GHz curves can reach close to or exceed 30 dB IRR when up-/down-
conversion. The 3 GHz curve has an IRR of around 25 dB when up-/down-conversion. The

detailed control voltages are shown in Table 3.10.
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Fig. 3.82 Measured phase difference of the tunable 1/Q divider/combiner (sample #3) (800

Amplitude Imbalance (dB)

IF Frequency (GHz)

MHz bandwidth).
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Fig. 3.83 Measured amplitude imbalance of the tunable 1/Q divider/combiner (sample #3)

IF Frequency (GHz)

(800 MHz bandwidth).
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Fig. 3.84 Measured IRR of the millimeter-wave up-/down-conversion image rejection
module with the tunable 1/Q divider/combiner (sample #3) (LO, 25 GHz/IF, 2.6-3.4 GHz).
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IF Frequency (GHz)

Fig. 3.85 Measured IRR of the millimeter-wave up-/down-conversion image rejection

module with the tunable 1/Q divider/combiner (sample #3) (LO, 25 GHz/IF, 3.1-3.9 GHz).
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Fig. 3.86 Measured IRR of the millimeter-wave up-/down-conversion image rejection

module with the tunable 1/Q divider/combiner (sample #3) (LO, 25 GHz/IF, 3.6-4.4 GHz).

55

4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 4.9
IF Frequency (GHz)

Fig. 3.87 Measured IRR of the millimeter-wave up-/down-conversion image rejection

module with the tunable 1/Q divider/combiner (sample #3) (LO, 25 GHz/IF, 4.1-4.9 GHz).
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Table 3.10 Vphase, VampL, and Vampr (Sample #3) when only have a 90° phase tuning and a 0

Up_Freq. (GHz)

dB amplitude tuning at 3, 3.5, 4, and 4.5 GHz.

3

3.5

4

4.5

Down_Freq. (GHz)

VPhase (V)

VampL (V)

Vampr (V)

3

3

0.9

0.993

3.5

3.5

0

1.014

4

0

1.002

3.5 Summary

0.99

In this chapter, a millimeter-wave up-/down-conversion image rejection module is

presented. By testing the HMC524ALC3B (mixer) and HMC942LP4E (doubler) evaluation

boards, we can integrate these two package chips on an evaluation board and plan to connect

the IF ends to the tunable 1/Q divider/combiner and achieve the image rejection. With the

analysis and implementation of the left-/right-handed transmission lines and T-type

attenuator, 80-100° phase difference tuning and accurate amplitude tuning can be obtained.
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Based on the excellent reflection coefficient (-20 dB, 2-5.6 GHz) of the two outputs of
the Wilkinson power divider, it can still maintain a good reflection coefficient (-10 dB) when
performing phase or amplitude tuning. Port number is shown in Fig. 3.57. When phase has a
90° tuning, |Sa3| of 3 samples less than -10 dB from 3-5 GHz and close to -10 dB at 2.5 GHz.
When the phase has an 80° tuning, |Szs| of sample #1 is less than -10.2 dB from 2.5-5 GHz.
|Ss3| of sample #2,3 (82°) less than -12.9 dB from 3-4.5 GHz. When phase has a 100° tuning,
|Sa3| of 3 samples less than -10 dB from 2.5-5 GHz. The reflection coefficient of the tunable
1/Q divider/combiner outputs (port 2,3) will affect its tuning ability. It can be known from
the measurement results of IRR. Without considering the reflection coefficient on the IF ends
of the millimeter-wave up-/down-conversion image rejection module (board 1 in Fig. 3.4),
|Ss3| (90°at 2.5 and 5 GHz) is relatively poor as shown in Fig. 3.60, therefore the highest IRR
value that can be tuned can only approach 30 dB.

In the practical application of the millimeter-wave up-/down-conversion image rejection
module, the operating data of the IF frequency of 800 MHz bandwidth should be considered.
We measure the phase difference and amplitude imbalance of the 800 MHz bandwidth at 3,
3.5, 4, and 4.5 GHz when have a 90° phase tuning and a 0 dB amplitude tuning. It can be
found that a smaller variation of phase difference and amplitude imbalance will have a better
IRR in 800 MHz bandwidth.

Table 3.11- Table 3.12 summarize the performance of tunable dividers/combiners
fabricated on PCB at IF frequency in recent years. Compared to these tunable
dividers/combiners, this work shows a 66.7% bandwidth because the phase tuning range is
only 20° with subtle amplitude tuning ability. Under this bandwidth, the 3 ports’ reflection
coefficient is better than -10 dB, and isolation is better than 18.4 dB. Although the phase can
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only be tuned at 80-100°, it is enough for the imbalance of the 1/Q signal. Amplitude can be
tuned slightly between (+2)-(-1.1) dB, which is very helpful for improving IRR. Even though
it lacks the 360° phase tunability of references [26] and [27], having both phase and
amplitude tuning functions makes it extremely competitive in the 1/Q dividers/combiners. It

can be seen that the tunable 1/Q divider/combiner exhibits an outstanding comprehensive

performance among each parameter for the image rejection system.

Table 3.11 Comparison of the published tunable dividers/combiners (part I).

Ref.

Substrate

Function

Freq. (GHz)

Tuning (°/dB)

This Work

0.6 mm FR4

PD+ TP+ TA

2.5-5

80-100°/

(+2)-(-1.1) dB

MWCL’ 20

[26]

25 mil

Rogers 6010

1.15,1.28,1.4

0-360°

TCSII’ 19

[27]

1.24 mm

Rogers 3010

90, 180, 270,

360°

MWCL’ 18

[28]

1.27 mm

Rogers 3010

45-135°

APMC’ 18

[29]

0.5 mm

Rogers 4003

(+9)-(-20) dB

MWCL’ 17

[30]

0.735 mm FR4

0.5-1.3 **

(-15)-(-120)° *

*: angle(S21,31) both have (-15)-(-120)° tuning ability.

**: only when the angle (S21,31) is -90°.
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PD: power divider; DC: directional coupler; FC: forward coupler; TP: tunable phase; TA:

tunable amplitude.

Table 3.12 Comparison of the published tunable dividers/combiners (part II).

RL. (dB) IL. (dB) 1SO. (dB) |  Size

(mm*mm)

This Work > 10 (|S11, [S22|, and |Sz3]) 35.7*%29.1

MWCL’ 20 > 15 (|S11]) N/A

[26]

TCS1I’ 19 > 10 (|Su1], |S22|, and |Ss3|)

[27]

MWCL’ 18 > 9 (|Sul) . 22.6%16.9

[28]

APMC’ 18 > 15 (|Su1|) 1-20 (1.5 GHz)

[29]

MWCL’ 17 | > 17 (|S11), |S22|, and |Ss3|)

[30]

***: excluding the feed lines of 3 ports.
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Chapter 4 A 24-32 GHz High Image Rejection Ratio Up-
/Down-Conversion Subharmonic Mixer for

5G Communication

4.1 Introduction

At present, numerous countries have revealed the millimeter-wave frequency ranges
that will be used by 5G communication. The US is 27.5-28.35 GHz and 37-40 GHz, Europe
is 24.25-27.5 GHz and 31.8-33.4 GHz, while China is 24.25-27.5 GHz and 37 GHz-42.5
GHz. From the above, it is apparent that 5G communication will be developed at these
frequency ranges.

In the millimeter-wave, the subharmonic mixer is an important technique. Subharmonic
mixers enable designers to use lower LO frequencies, reducing the need to generate a high-
frequency LO signal and the necessity for measuring instruments. Subharmonic mixers are a
simpler alternative to conventional mixers without a LO frequency multiplier for high-
frequency application design.

In previous literatures, a high image rejection ratio (IRR) is around 30-40 dB [31]-[35].
To meet this standard, the phase and amplitude imbalances of the fed quadrature signal must
be tailored to be within 3°and 0.3 dB, respectively. As a result, we attempted to use two
passive subharmonic mixers as mixer cores, a Wilkinson power divider as an RF signal

divider/combiner, and a Wilkinson power divider with left-/right-handed transmission lines
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as a LO quadrature signal generator [16] to achieve a high image rejection ratio up-/down-

conversion mixer with a center frequency of 28 GHz and an 8 GHz bandwidth.

4.2 Circuit Design of A 24-32 GHz High Image Rejection Ratio
Up-/Down-Conversion Subharmonic Mixer for 5G

Communication

4.2.1 Concepts of The High IRR Up-/Down-Conversion Subharmonic Mixer

We do not contemplate using the mixer architecture with a switch to achieve up-/down-
conversion since we want to simplify circuit operation and design, thus we use a passive
mixer. To avoid the loss caused by complex wiring, we employ a single-ended anti-parallel
diode pair subharmonic as the mixer core as shown in Fig. 4.1. Ports O_1,Q, F_1,Q, and

IF_1,Q connect to the LO, RF, and IF ends, respectively.

)»LO/4
Open Stub [——O F I,Q

with N
: Low-Pass

Ao/ ; : Filter
Short Stub —0 IF_I’Q

O LQ o/

Fig. 4.1 Anti-parallel diode pair subharmonic mixer core.

We compare the performance of the two processes (0.18 um CMOS and 0.15 um GaAs
pHEMT) under this configuration. Based on [36], we use the gate-source connected nMOS
as a diode to obtain a better conversion gain in 0.18 um CMOS. The LO power sweeping of
port O _1,Q’s reflection coefficient at 12 GHz as shown in Fig. 4.2. We choose point A
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because it is close to the circle whose real part is equal to 1 (make matching easier) and has
low LO power (8 dBm in GaAs and 5 dBm in CMOS); the size is 1 finger with 30 pm width
for a diode in GaAs and 45 fingers with 1 pm width for a gate-source connected nMOS in
CMOS. Then we employ ideal lumped elements for point A’s matching (reflection
coefficient on port O_1,Q in Fig. 4.1) as shown in Fig. 4.3. The simulated conversion gain vs.
LO power is shown in Fig. 4.4. Although GaAs takes 3 dB more LO power to drive the mixer
than CMOS, it has a 6.2 dB higher conversion gain. Therefore, we design this circuit using

0.15 m GaAs pHEMT.

1.0j

15 dBm

035

-1'.0j
Fig. 4.2 LO power sweeping (reflection coefficient on port O_I,Q in Fig. 4.1) at 12 GHz in

the Smith chart in two processes.
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1.0j

Matching is close to 1+j0 [-E.

02 0:5

—1'.0j
Fig. 4.3 Matching (reflection coefficient on port O_1,Q in Fig. 4.1) with ideal lumped

elements of point A in two processes.

CG (dB)

ilililililililililililil'l
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

LO Power (dBm)

Fig. 4.4 Simulated conversion gain (CG) vs. LO power when considering the matching of

point A in two processes.
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We also compare the performance of the passive FET mixer (resistive mixer) and the

anti-parallel diode pair mixer in 0.15 m GaAs pHEMT as shown in Fig. 4.5. The size is 1

finger with 30 pm width for a diode and 2 fingers with 60 um width for a FET in CMOS.

Then we also employ ideal lumped elements for point A’s matching at 12 GHz. The

simulated conversion gain vs. LO power is shown in Fig. 4.6. The anti-parallel diode pair

mixer has a 15.2 dB higher conversion gain when LO power is 8 dBm. The simulated P14

is shown in Fig. 4.7. The FET mixer has a 13.5 dB higher IP1gs when LO power is 8 dBm.

Therefore, we design this circuit using anti-parallel diode pair mixer in 0.15 m GaAs pHEMT

since its higher conversion gain and OP1gg.

0 LQo

}\.LOI'}4
Open Stub
with
Low-Pass
Filter

—0 F [,Q

o IF 1,Q

>‘-LO/{‘4
Short Stub

Fig. 4.5 FET subharmonic mixer core.
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Fig. 4.6 Simulated conversion gain (CG) vs. LO power when considering the matching of

point A in FET mixer and anti-parallel diode pair mixer.
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Fig. 4.7 Simulated IP1g8 when considering the matching of point A in FET mixer and anti-

parallel diode pair mixer.
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How much phase or amplitude imbalance can a high IRR of 30-40 dB tolerate? We are

referring to an equation [37] that considers ideal mixer cores.

242y AB) +1 4.1
IRR=10-log[Y y - cos(A0) l (4.1)

yZ2 —2-y-cos(AB) + 1

Y2 +2-y-cos(2-ABgy,) + 1
= 10-log ,

Y2 —2-y-cos(2-ABgyp) + 1
and

Amplitude Imbalance (dB) = 20 - logy. (4.2)
y denotes the amplitude imbalance in magnitude, A6 denotes the phase imbalance in degree
when the phase reference is 90°, and A8,;, denotes the phase imbalance in degree when the
phase reference is 45° (for subharmonic mixer). Using MATLAB, we construct a contour
illustrating the relationship between phase and amplitude imbalances to IRR as shown in Fig.
4.8. Since quadrature signals commonly have phase and amplitude imbalances, it is advisable
to design the IRR over 30 dB within 3°and 0.3 dB for the fundamental mixer, and within

1.5°and 0.3 dB for the subharmonic mixer.
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Fig. 4.8 IRR contour with a 5° phase variation and a 0.5 dB amplitude variation when phase
reference is 90°.

As the quadrature signal generator on the LO side, we use a Wilkinson power divider
with left-/right-handed transmission lines. Since the mixer core is subharmonic, the phase
difference of the quadrature signal is altered to 45°; on the RF side, we use a Wilkinson power
divider as the signal divider/combiner. The Wilkinson power divider is used on both signal
ends because its amplitude imbalance is typically small and it has a more flexible layout

composition that can be varied dependent on the front or post circuits.
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We avoid the loss caused by complex wiring by employing a single-ended anti-parallel
diode pair as the configuration of the subharmonic mixer core due to the few metal layers of
0.15um GaAs pHEMT.

The high IRR up-/down-conversion subharmonic mixer is shown in Fig. 4.9. It is
composed of a 45° LO power divider, an in-phase RF power divider/combiner, and two
subharmonic mixer cores for 1/Q paths. The IRR design goal is greater than 30 dB. The
frequency design goals are the RF frequency ranges from 24 to 32 GHz, the LO frequency
ranges from 10 to 14 GHz, and the IF frequency is 4 GHz. The next section will go into the

design details of each block.

IF—I 4 Wilkinson Power Divider

® Mixer Core

LO RF
45°

IF Q

Fig. 4.9 Block diagram of the high IRR up-/down-conversion subharmonic mixer.
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4.2.2 45° LO Power Divider and In-Phase RF Power Divider/Combiner

O 1?2

&m® Transmission Line

(1)LO

Fig. 4.10 Proposed 45° LO power divider.

As shown in Fig. 4.10, the proposed 45° LO power divider is composed of a modified
Wilkinson power divider [38] and left-/right-handed transmission lines with a 45° phase
difference. Ports O_I and O_Q connect to the mixer cores. According to [39], the IRR
performance will be degraded by limited isolation between the 1/Q LO ports even if a
perfectly balanced quadrature generator is used. Because the generated 1/Q signal will reflect
certain signals due to the post-stage circuit's impedance mismatch, if the isolation between
the 1/Q LO ports is weak, the reflected signal from the I (or Q) path will leak to the Q (or I)
path. As a result, the 1/Q signal entering the mixer core has a considerable imbalance. To
improve the isolation bandwidth, we require a modified Wilkinson power divider. According

to [38], we can obtain Ry, L1, and Cy by the following equations
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_ Yo 4.3)

Ry = )
2 Yr1 - Yrq
L = E . YT1 + YT1 _ R% (44)
1 w 8'YT1'YT1 32'ZT3 ’

Yr1 + Y7q R} >l_1 (4.5)

and satisfy

R% ' YT1 ' YT1 (4-6)

Lopa > .
7 4 (Ypq + Yrq)

Y, denotes the system admittance, Yt, denotes the admittance of Ti, Zts; denotes the

impedance of T3, and w denotes the angular frequency.

The system impedance is 50 Q and the impedance of T1 is 50v/2 Q [15]. Ts is a quarter-
wavelength transmission line [38]. Based on Eq. (4.3)- Eq. (4.6), we can obtain T13’s
dimensions and lumped elements’ values of the modified Wilkinson power divider at 12 GHz
as shown in Table 4.1.

Table 4.1 Dimensions of T3 and values of Ry, L1, and Ci.

‘ Each Part Length (um)/ Width (um) \

1916/ 27

1700/ 10

Each Element Value (at 12 GHz)

R1 45 Q

Ls 558.1 pH
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The configurations of the left-/right-handed transmission lines are shown in Fig. 3.14.
The capacitance and inductance of the left-handed transmission line can be calculated by Eqg.
(3.15) and Eq. (3.16). A 50 Q transmission line cannot be used as a right-handed transmission
line because its line width occupies a lot of space in the layout. Therefore, we use a
transmission line with a line width of 10 um as the inductor in Fig. 3.14. The capacitance and
inductance of the left-handed transmission line can be calculated by

_ sin 6 4.7)
B w - \/z - ZOI

V2+Z, |1—cos® (4.8)
L= . :
w 1+ cos6

Z, denotes the system impedance, w denotes the angular frequency, and 6 denotes the phase

and

of the right-handed transmission line [23].
The system impedance is 50 Q. Based on Eq. (3.15), Eq. (3.16), Eq. (4.7), and Eq. (4.8),
we can obtain T2’s dimensions and lumped elements’ values of the left-/right-handed

transmission lines at 12 GHz as shown in Table 4.2.
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Table 4.2 Dimensions of T» and values of L, Cy, and Cs.

Each Part

Length (um)/ Width (um)

T>

263/ 10

(165.1 pH at 12 GHz)

Each Element

Value (at 12 GHz)

Lo

1.52 nH

C,

73 fF

Cs

1.59 pF

The layout of the 45° LO power divider is shown in Fig. 4.11. Length A is 1551.6 um

and length B is 1059.7 um. The simulated S-parameters of the 45° LO power divider are

shown in Fig. 4.12 and Fig. 4.13. Port numbers are shown in Fig. 4.10. |S11] is less than -18.2

dB from 10 to 14 GHz. |Sz2| and |Ss3| are both less than -21.4 dB from 10 to 14 GHz. |S32| is

less than -18.3 dB from 10 to 14 GHz. |S21| and |Ss1| range from -4.1 to -3.5 dB from 10 to

14 GHz. The simulated phase difference and amplitude imbalance of the 45° LO power

divider are shown in Fig. 4.14 and Fig. 4.15, respectively. There is a 2.3-(-1.7)° phase

imbalance and a (-0.11)-0.04 dB amplitude imbalance from 10 to 14 GHz.
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Fig. 4.11 Layout of the 45° LO power divider.
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S-Parameter (dB)
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10.0

10.5

11.0 11.5 12.0 12.5

LO Frequency (GHz)

13.0 13.5 14.0

Fig. 4.12 Simulated S-parameter (Si1,22,33,32) Of the 45° LO power divider in Fig. 4.10.

S-Parameter (dB)
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Fig. 4.13 Simulated S-parameter (S21,31) of the 45° LO power divider in Fig. 4.10.
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Fig. 4.14 Simulated phase difference between the 45° LO power divider’s port 2,3 in Fig.

4.10.
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=
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LO Frequency (GHz)

Fig. 4.15 Simulated amplitude imbalance between the 45° LO power divider’s port 2,3 in

Fig. 4.10.
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F 1(2)

@ Transmission Line

(1) RF e em——{

F_ Q@)
Fig. 4.16 Proposed in-phase RF power divider/combiner.

As shown in Fig. 4.16, the proposed in-phase RF power divider/combiner is a modified
Wilkinson power divider. Ports F_| and F_Q connect to the mixer cores. The system
impedance is 50 Q and the impedance of T4 is 50v/2 Q [15]. Ts is a quarter-wavelength
transmission line [38]. Based on Eq. (4.3)- Eq. (4.6), we can obtain Tss’s dimensions and

lumped elements’ values of the modified Wilkinson power divider at 28 GHz as shown in

Table 4.3.
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Fig. 4.17 Layout of the in-phase RF power divider/combiner.
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Table 4.3 Dimensions of T4s and values of Ry, L3, and Ca.

Each Part

Length (um)/ Width (um)

T4

820.5/ 27

Ts

536/ 10

Each Element

Value (at 28 GHz)

R>

45.1 Q

L3

248.2 pH

Cq

63.4 fF

The layout of the in-phase RF power divider/combiner is shown in Fig. 4.17. Length C

i5 1044.9 umand length D is 949.6 um. The simulated S-parameters of the in-phase RF power

divider/combiner are shown in Fig. 4.18 and Fig. 4.19. Port numbers are shown in Fig. 4.16.

|S11] is less than -15 dB from 24 to 32 GHz. |S22| and |Sss| are both less than -19.7 dB from 24

to 32 GHz. |Say| is less than -14.5 dB from 24 to 32 GHz. |S21| and |S31| range from -3.7 to -

3.4 dB from 24 to 32 GHz. The simulated phase difference and amplitude imbalance of the

in-phase RF power divider/combiner are shown in Fig. 4.20 and Fig. 4.21, respectively. There

is a 0.05-0.06° phase difference and a 0.005-0.009 dB amplitude imbalance from 24 to 32

GHz.
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Fig. 4.18 Simulated S-parameter (Sui1,2233,32) Of the in-phase RF power divider/combiner in

Fig. 4.16.
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Fig. 4.19 Simulated S-parameter (S21,31) of the in-phase RF power divider/combiner in Fig.

4.16.
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Fig. 4.20 Simulated phase difference of the in-phase RF power divider/combiner in Fig.
4.16.
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Fig. 4.21 Simulated amplitude imbalance of the in-phase RF power divider/combiner in

Fig. 4.16.
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4.2.3 Subharmonic Mixer Core

&m® Transmission Line

T Ts
g-ll—l = | L -
P, BT : — W —T—WW-o IF_LQ
: C10 g Cl1 g
g sl L§ oL
A g - besecssce T -.-.3 -

Fig. 4.22 Proposed subharmonic mixer core.

As shown in Fig. 4.22, the proposed subharmonic mixer core is composed of the quasi-
lumped ALo/4 short/open stubs [40], a low-pass filter, an anti-parallel diode pair, and LO/RF
inter-stage matching networks. Ports O_1,Q and F_I,Q connect to the 45° LO power divider
and the in-phase RF divider/combiner, respectively. Port IF_I,Q connects to the external 1/Q
divider/combiner.

I. Quasi-Lumped ALo/4 Short/Open Stubs with Low-Pass Filter

Block A shows the quasi-lumped ALo/4 short stub, the function is to allow the LO signal
through while blocking the RF signal. Block B shows the quasi-lumped ALo/4 open stub, the
function is to allow the RF signal through while blocking the LO signal. The quasi-lumped
ALo/4 short/open stubs provide a more compact area and wider bandwidth than the ALo/4
short/open stubs constructed by 50 Q transmission lines. According to [40], we can obtain

Te,7 and Cs in block A by the following equations.
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tanOp;, = a- B —+/(a-B)2 -3, (4.9)

1 (4.10)
C6 B Wi ZT7 (tan 6’1‘7 B B tan 6T6),
1+ 3 - (tan 0)? (4.11)
o=
2 - tan Opg
g = Zr7 (4.12)
ZT6,
and satisfy

a-f>2. (4.13)

B, denotes the electrical length of Te7, Zte, denotes the impedance of Te7, and wyo

denotes the angular LO frequency.

According to [40], we can obtain Tg and Cg 10 in block B by the following equations.

o 1 (4.14)
10 ™ Wio - ZTS *tan eTgl
and
C
e, 10 (4.15)

~ 3+ (tan Org)?
Brg denotes the electrical length of Tg, Ztg denotes the impedance of Tg, and w;,o denotes
the angular LO frequency.

Based on Eq. (4.9)- Eq. (4.15), we can obtain Tg7g’s dimensions and Ceg10’s
capacitance of the quasi-lumped ALo/4 short/open stubs at 12 GHz as shown in Table 4.4. We
construct a low-pass filter with Cio, the lumped elements’ values of the low-pass filter at 4

GHz as shown in Table 4.4.
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Table 4.4 Dimensions of Ts 7 and values of L7 s and Cs9.10,11.

Each Part

Length (um)/ Width (um)

Te

80/ 50

T7

717.9/ 10

Tg

443.9/ 10

Each Element

Value (at 12 GHz)

Ce

329 fF

Co

46.9 fF

692.1 fF

Each Element

Value (at 4 GHz)

L7

1.23 nH

Ls

615.8 pH

614.7 fF

1.07 pF

The layout of the quasi-lumped ALo/4 short stub is shown in Fig. 4.23. The simulated

insertion coefficient of the quasi-lumped ALo/4 short stub is shown in Fig. 4.24. It is -0.9 dB

at 10 GHz, -0.6 dB at 14 GHz, and has a maximum of -0.5 dB at 12 GHz; it is -12.7 dB at 24

and 32 GHz and has a minimum of -28.7 dB at 27 GHz.
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S-Parameter (dB)

Frequency (GHz)

Fig. 4.24 Simulated insertion coefficient of the quasi-lumped ALo/4 short stub.
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The layout of the quasi-lumped ALo/4 open stub with a low-pass filter is shown in Fig.
4.25. The simulated S-parameters of the quasi-lumped ALo/4 open stub with a low-pass filter
are shown in Fig. 4.26. |Sz1| is -7 dB at 10 GHz, -9.7 dB at 14 GHz, -23.1 dB at 12 GHz, -1
dB at 24 GHz, and -0.3 dB at 32 GHz. |S13| and |S23| are (-3.7)-(-4.2) dB from 3 to 5 GHz and

are both less than -16.8 dB when the frequency is greater than 10 GHz.

Fig. 4.25 Layout of the quasi-lumped ALo/4 open stub with a low-pass filter.
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Fig. 4.26 Simulated S-parameter (S21,13,23) of the quasi-lumped ALo/4 open stub with a low-

II.

pass filter (port 1,2,3 is shown in Fig. 4.25).

Diodes’ Size Consideration

&m» Transmission Line

o F [Q
Tg
Ly Lg
{111}
Cu

MW-o IF 1,Q
1
I

Fig. 4.27 Schematic of the subharmonic mixer core when considering diodes’ size.
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. Tte.... . |Finger& Width |, _ 5
' | 4& 40 pm .

-1..0j
Fig. 4.28 LO power, diodes’ finger number, and width sweeping (reflection coefficient on
port O_1,Q in Fig. 4.27) at 12 GHz in the Smith chart.

We consider the diodes’ size when the anti-parallel diode pair connect to the quasi-
lumped ALo/4 short/open stubs with a low-pass filter as shown in Fig. 4.27. The LO power,
diodes’ finger number, and width sweeping of port O_1,Q’s reflection coefficient at 12 GHz
as shown in Fig. 4.28. The LO power has a sweeping range of 5-15 dBm; the diodes’ finger
number and width have a sweeping range of 1-4 and 10-40 um, respectively. We choose
points A, B, and C because they are close to the circle whose real part is equal to 1 (make
matching easier) and have low LO power (8 dBm). The impedances of points A, B, and C

are shown in Table 4.5. Then we employ ideal lumped elements for points A, B, and C’s
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matching (reflection coefficient on port O_I,Q in Fig. 4.27) as shown in Fig. 4.29. The
simulated conversion gain vs. LO power is shown in Fig. 4.30. Since size (finger= 1, width=
30 um) has the largest conversion gain at 8 dBm, the diodes’ size is determined.

Table 4.5 Impedance of points A, B, and C.

Impedance (at 12 GHz, 8 dBm) Finger/ Width (um)

1.043-j1.179 1/30

0.902-j1.092 2/ 15

0.929-j1.078 1/ 35

02/ o : T \50

Matching is close to 1+j0 | .F.

02 0:5

. [ —o—Finger_1& 30 um |
| —o—Finger_1& 35 um
—&— Finger_2& 15 um |

02\ ;
115aBm | . -

-5.0j

-1.0j

Fig. 4.29 Matching (reflection coefficient on port O_1,Q in Fig. 4.27) with ideal lumped
elements of points A, B, and C.
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Fig. 4.30 Simulated conversion gain (CG) vs. LO power when considering the matching of

points A, B, and C.

II. LO/RF Inter-Stage Matching Networks

IRR vs. Reflection Coefficient

Inter-Stage Matching
on Port F 1,Q

Inter-Stage Matching
on Port O _I,Q

Consideration
\ g IF_I é 4 Wilkinson Power Divider
g § ® Mixer Core
0° | :
Lo § § RE
450 ?F :
i IFQ

Fig. 4.31 Schematic of the high IRR up-/down-conversion subharmonic mixer when

considering LO/RF matching networks (Ports O_I,Q/F_1,Q are shown in Fig. 4.27).
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According to [39], to obtain a high IRR over a wide bandwidth, not only the imbalances
in phase and amplitude of the 45° LO power divider but also the LO reflections and/or the
isolation between the 45° LO power divider’s outputs should be improved. The proposed 45°
LO power divider and in-phase RF power divider/combiner have small phase and amplitude
imbalances with good isolation, we connect them to the mixer core in Fig. 4.27 and simulate
the effect of the inter-stage reflection coefficient on IRR when LO power is 12 dBm as shown
in Fig. 4.31 and Fig. 4.32. We choose 12 dBm as the LO power since the insertion loss of the
45° LO power divider is about 4 dB (1/Q path) and the mixer core needs 8 dBm for driving.
To achieve an IRR greater than 30 dB, the inter-stage reflection coefficient must be at least -

10 dB.

RL. (dB)
—0—40
—0—20
—A—15
~7—10
-5

100 105 11.0 115 120 125 130 135 140
LO Frequency (GHz)

Fig. 4.32 Simulated IRR with different return losses (40, 20, 15, 10, and 5 dB).
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We construct the LO inter-stage matching network with a band-pass filter as shown in
Fig. 4.33. The effect of the two connection ways (a) and (b) on the reflection coefficient is
compared as shown in Fig. 4.34. Way (b) has a wider bandwidth. It is less than -11.8 dB from

10.5-14 GHz and is -8.3 dB at 10 GHz. The values of Lap s, and Csp as shown in Table 4.6.

L4a Cia ru-
0 1,0 o.m\_” [

be

LSa
Quasi-
= Lumped
)\.LO//4
Short Stub
(a)
Lo Csp
|1
O_I,Q o 111} 1 i 8
Quasi-
Lumped Lsp
)‘.LO/4
Short Stub =
(b)

Fig. 4.33 LO inter-stage matching network with band-pass filter in two connection ways.
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Fig. 4.34 Simulated reflection coefficients on port O_1,Q in Fig. 4.33.

Table 4.6 Values of Lapsp and Cap.

Each Element Value (at 12 GHz)

Lab

429.5 pH

Lsh

578.5 pH

Csh
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Fig. 4.35 Layout of the LO inter-stage matching network.

The layout of the LO inter-stage matching network is shown in Fig. 4.35. Length E is
537 um and length F is 462 um. The simulated insertion coefficient of the LO inter-stage
matching network is shown in Fig. 4.36. It is -4.9 dB at 10 GHz, -2.9 dB at 14 GHz, and has
a maximum of -2.5 dB at 12 GHz; it is -19.5 dB at 24 GHz, -15.6 dB at 32 GHz and has a

minimum of -34.7 dB at 26 GHz.
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Fig. 4.36 Simulated insertion coefficient of the LO inter-stage matching network.

=g ¢
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Filter —O IF_LQ

Fig. 4.37 RF inter-stage matching network with lumped elements.
We construct the RF inter-stage matching network with lumped elements as shown in
Fig. 4.37. The purpose of this matching network is to block the IF signal and to regulate the
gain variation of the RF signal within 3 dB at 24-32 GHz. The simulated reflection coefficient

of the RF inter-stage matching network is shown in Fig. 4.38. It is less than -10 dB from 26-
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32 GHz and is (-6.3)-(-7.9) dB from 24 to 25 GHz. The values of Ls and C7;g as shown in
Table 4.7.

I T S ............... ............... ............... _______ —I1— RF Matching_|
5 5 : 5 —O—RF Matching_Q

S-Parameter (dB)

N
N

-15

RF Frequency (GHz)
Fig. 4.38 Simulated reflection coefficients on port F_1,Q in Fig. 4.37.

Table 4.7 Values of Ls and C7g.

265.2 pH

142.3 fF

58.1 fF
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Fig. 4.39 Layout of the RF inter-stage matching network.

The layout of the RF inter-stage matching network is shown in Fig. 4.39. Length G is
707.5 umand length H is 766 um. The simulated S-parameters of the RF inter-stage matching
network are shown in Fig. 4.40. Port numbers are shown in Fig. 4.39. |Sy1| is -15.1 dB at 10
GHz, -14.1 dB at 14 GHz, -30 dB at 12 GHz, -0.8 dB at 24 GHz, and -0.4 dB at 32 GHz. |Sy3]|
is (-1.2)-(-1.4) from 3 to 5 GHz and is less than -16.5 dB from 10 to 14 GHz. |Sz3] is less than

-39.3 dB from 24 to 32 GHz.
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S-Parameter (dB)

Frequency (GHz)

Fig. 4.40 Simulated S-parameter (S21,1323) of the RF matching network (port 1,2,3 is shown

in Fig. 4.39).
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4.2.4 Simulations of The High IRR Up-/Down-Conversion Subharmonic

Mixer

Fig. 4.41 Layout of the high IRR up-/down-conversion subharmonic mixer.
The layout of the high IRR up-/down-conversion subharmonic mixer is shown in Fig.
4.41. Length I is 1810 um and length J is 2267.5 pm. We perform the simulations with the

ideal 90° hybrid as shown in Fig. 4.42.
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Fig. 4.42 Schematic of the high IRR up-/down-conversion subharmonic mixer when
simulating with an ideal 90° hybrid.

The simulated conversion gain vs. LO power of the high IRR up-/down-conversion
subharmonic mixer is shown in Fig. 4.43 when RF frequency is 28 GHz, LO frequency is 12
GHz, and IF frequency is 4 GHz. Conversion gain is calculated as IF minus RF (down-
conversion) or RF minus IF (up-conversion) in Fig. 4.42. Although there is a maximum
conversion gain at 10 dBm, it is reasonable to choose 12 dBm as the LO power since the
insertion loss of the 45° LO power divider is about 4 dB (1/Q path) and the mixer core needs
8 dBm power for driving. It has a -10.9 dB conversion gain for up-conversion and -10.8 dB
for down-conversion.

The simulated 1P14g of the high IRR up-/down-conversion subharmonic mixer is shown

in Fig. 4.44 when RF frequency is 28 GHz, LO frequency is 12 GHz, IF frequency is 4 GHz,
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and LO power is 12 dBm. Up-conversion is about 6 dBm and down-conversion is about 5
dBm.

The simulated bandwidth of the high IRR up-/down-conversion subharmonic mixer is
shown in Fig. 4.45 when RF frequency is 24-32 GHz, IF frequency is 4 GHz, and LO power
is 12 dBm. The conversion gain range of up-conversion is 1.8 dB and the conversion gain
range of down-conversion is 1.7 dB from 10-14 GHz.

-10
-11
-12

-13

-14
-15
-16
17

CG (dB)

TS SN NN U VR S SN NN SN R R

LO Power (dBm)

Fig. 4.43 Simulated conversion gain (CG) vs. LO power of the high IRR up-/down-

conversion subharmonic mixer.
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Fig. 4.44 Simulated conversion gain (CG) vs. IF (up-conversion)/RF (down-conversion)

power of the high IRR up-/down-conversion subharmonic mixer.
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Fig. 4.45 Simulated conversion gain (CG) vs. bandwidth of the high IRR up-/down-

conversion subharmonic mixer.
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The simulated IRR of the high IRR up-/down-conversion subharmonic mixer is shown
in Fig. 4.46 when RF frequency is 24-32 GHz, IF frequency is 4 GHz, and LO power is 12
dBm. It is greater than 40.1 dB for up-conversion and greater than 33.8 dB for down-
conversion from 10-14 GHz. According to [39], the nonzero phase and/or amplitude
imbalances may partly be compensated by the phase and/or amplitude mismatches caused by
the LO reflections. There is a (-0.5)-0.4° phase imbalance that can be obtained after
optimizing the LO inter-stage matching network at 11.5-14 GHz as shown in Fig. 4.47.
Without RF/IF signal combining, the image signal has less power on port F_I,Q/IF_1,Q in
Fig. 4.42 than the RF signal, especially at 10-11.5 GHz as shown in Fig. 4.48/Fig. 4.49,
respectively. This compensates for the larger phase imbalance between port O_I,Q at 10-11.5
GHz. Based on Fig. 4.47- Fig. 4.49, we can conclude that the IRR performance is great.

60

30 [ ' [ ' [ ' [ ' [ ' [ ' [ ' [
100 105 110 115 120 125 130 135 140

LO Frequency (GHz)

Fig. 4.46 Simulated IRR of the high IRR up-/down-conversion subharmonic mixer.
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Fig. 4.47 Simulated phase difference between port O_I,Q in Fig. 4.42.
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Fig. 4.48 Simulated RF output power (F_I,Q in Fig. 4.42) of the high IRR up-conversion

subharmonic mixer at RF/image frequency.
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Fig. 4.49 Simulated IF output power (IF_I,Q in Fig. 4.42) of the high IRR down-conversion

subharmonic mixer at RF/image frequency.
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4.3 Experimental Results

00

LO

7/~ Down-Conversion

+==~3 Up-Conversion

0° 90°
Wilkinson Power Divider
Tunable I/Q 4
Divider/Combiner ® Mixer Core

2
IF \2

-

C il TS

Fig. 4.50 Schematic of the high IRR up-/down-conversion subharmonic mixer when

measuring with a 2.5-5 GHz tunable 1/Q divider/combiner (sample #3) in Fig. 3.57.

As shown in Fig. 4.50, we perform the measurements with a 2.5-5 GHz tunable 1/Q
divider/combiner (sample #3) in Fig. 3.57. The chip photo is shown in Fig. 4.51. We use an
Agilent E8257D (250 kHz- 67 GHz) signal generator for RF/IF signal, a KEYSIGHT
E8267D (250 kHz- 44 GHz) signal generator for LO signal, an Agilent E4448A (3 Hz- 50
GHz) spectrum analyzer to measure large signals (RF/IF output power), a GWINSTEK PST-
3202 (32 V,2 Ax2/6 V, 5 A x1) power supply and a KEYSIGHT E36311A (6 V,5 A/x25V,
1 A) power supply for I/Q divider/combiner’s DC supplying. The up-conversion
measurement setup is shown in Fig. 4.52. Cable 1 (1.85 mm) connects the probe on the LO
side to the signal generator. Cables 2 and 3 (1.85 mm, phase and amplitude are very close)

connect the probes on IF_I,Q side to the 1/Q divider/combiner’s port 2,3 in Fig. 3.57. Cable
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4 (1.85 mm) connects the I/Q divider/combiner’s port 1 in Fig. 3.57 to the signal generator.

Cable 5 (2.4 mm) connects the probe on the RF side to the spectrum analyzer.

IF I

IF Q

Fig. 4.51 Chip photo of the high IRR up-/down-conversion subharmonic mixer.

SG. (250 kHz- 44 GHz)

<Y

43

(1) ©)
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b — (5)

SG. (250 kHz- 67 GHz)

P

DSD

PCB €—

(2)

Fig. 4.52 Setup of measurement (up-conversion).
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The conversion gain vs. LO power measurement of chip #1,2,3 and EM simulation of

the high IRR up-/down-conversion subharmonic mixer as shown in Fig. 4.53 and Fig. 4.54

when RF frequency is 28 GHz, LO frequency is 12 GHz, and IF frequency is 4 GHz. We

choose 12 dBm as the LO power for the high IRR up-/down-conversion subharmonic mixer.

It has about -11.3 dB conversion gain for up-conversion and -11 dB for down-conversion of

three chips.

CG (dB)

Fig. 4.53 Conversion gain (CG) vs. LO power measurement (#1,2,3) and EM simulation of

—e— MEA._Up#1 |
—¥— MEA._Up#3

LO Power (dBm)

the high IRR up-conversion subharmonic mixer.
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Fig. 4.54 Conversion gain (CG) vs. LO power measurement (#1,2,3) and EM simulation of
the high IRR down-conversion subharmonic mixer.

The IP1gs measurement of chip #1,2,3 and EM simulation of the high IRR up-/down-

conversion subharmonic mixer as shown in Fig. 4.55 and Fig. 4.56 when RF frequency is 28

GHz, LO frequency is 12 GHz, IF frequency is 4 GHz, and LO power is 12 dBm. It has about

3 dBm for up-conversion and 3.4 dBm for down-conversion of three chips.
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Fig. 4.55 Conversion gain (CG) vs. IF power measurement (#1,2,3) and EM simulation of
the high IRR up-conversion subharmonic mixer.

-10.0

0.5 [

A5 [

2.0 o N

-125 | —O—SIM._Down
130 L.....|] —@—MEA._Down#1

135 -_ MEA._Down#2 ....... ....... ....... ......
“F | 9—MEA. Down#3| | | | | | | @
140 i ....... ....... ....... ....... ....... ....... ....... ....... ....... .......

CG (dB)

-14.5 _ ....... ....... ....... ....... ....... ....... ....... ....... ....... ....... ....... _______
_150 [ 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
-24 -22 -20 -18 -16 -14 1210 8 6 4 -2 0 2 4 6 8
RF Power (dBm)

Fig. 4.56 Conversion gain (CG) vs. RF power measurement (#1,2,3) and EM simulation of

the high IRR down-conversion subharmonic mixer.
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The bandwidth measurement of chip #1,2,3 and EM simulation of the high IRR up-

/down-conversion subharmonic mixer as shown in Fig. 4.57 and Fig. 4.58 when RF

frequency is 24-32 GHz, IF frequency is 4 GHz, and LO power is 12 dBm. The conversion

gain range of up-conversion is 1.3 dB and the conversion gain range of down-conversion is

1.7 dB from 10-14 GHz of three chips.

CG (dB)

Fig. 4.57 Conversion gain (CG) vs. bandwidth measurement (#1,2,3) and EM simulation of
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the high IRR up-conversion subharmonic mixer.
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Fig. 4.58 Conversion gain (CG) vs. bandwidth measurement (#1,2,3) and EM simulation of
the high IRR down-conversion subharmonic mixer.

The isolation measurement of chip #1,2,3 and EM simulation of the high IRR up-/down-
conversion subharmonic mixer as shown in Fig. 4.59- Fig. 4.64 when RF frequency is 24-32
GHz, IF frequency is 4 GHz, and LO power is 12 dBm. The LO-to-RF isolation of up-/down-
conversion is less than -25.9 dB from 10-14 GHz of three chips as shown in Fig. 4.59 and
Fig. 4.60. The 2LO-to-RF isolation of up-/down-conversion is less than -59.6 dB from 10-14
GHz of three chips as shown in Fig. 4.61 and Fig. 4.62. The LO-to-IF isolation of up-/down-
conversion is less than -38.4 dB from 10-14 GHz of three chips as shown in Fig. 4.63 and

Fig. 4.64.
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Fig. 4.59 LO-to-RF isolation measurement (#1,2,3) and EM simulation of the high IRR up-

conversion subharmonic mixer.
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Fig. 4.60 LO-to-RF isolation measurement (#1,2,3) and EM simulation of the high IRR

down-conversion subharmonic mixer.
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Fig. 4.61 2LO-to-RF isolation measurement (#1,2,3) and EM simulation of the high IRR

up-conversion subharmonic mixer.
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Fig. 4.62 2LO-to-RF isolation measurement (#1,2,3) and EM simulation of the high IRR

down-conversion subharmonic mixer.
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Fig. 4.63 LO-to-IF isolation measurement (#1,2,3) and EM simulation of the high IRR up-

conversion subharmonic mixer.
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Fig. 4.64 LO-to-1F isolation measurement (#1,2,3) and EM simulation of the high IRR

down-conversion subharmonic mixer.
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The IRR measurement of chip #1,2,3 and EM simulation of the high IRR up-/down-

conversion subharmonic mixer with phase/amplitude tuning to obtain the maximum IRR as

shown in Fig. 4.65 and Fig. 4.66 when RF frequency is 24-32 GHz, IF frequency is 4 GHz,

and LO power is 12 dBm. The IRR of up-conversion is greater than 45.7 dB and the IRR of

down-conversion is greater than 46.7 dB from 10-14 GHz of three chips. The detailed control

voltages are shown in Table 4.8.

Table 4.8 Vphase, VampL, and V ampr (sample #3 in Fig. 3.57) when obtaining the maximum

IRR of chip #1.

Up_Freq. (GHz)

VampL (V)

Vampr (V)

10

0.85

0.96

0.9

0.9

0.9

0.9

0.9

Down_Freg. (GHz) Vphase (V)

VampL (V)

Vampr (V)

10 5.5

1

0.9

5.6
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Fig. 4.65 IRR measurement (#1,2,3) and EM simulation of the high IRR up-conversion

subharmonic mixer (with phase/amplitude tuning for maximum IRR).
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Fig. 4.66 IRR measurement (#1,2,3) and EM simulation of the high IRR down-conversion

subharmonic mixer (with phase/amplitude tuning for maximum IRR).

The IRR measurement of chip #1,2,3 and EM simulation of the high IRR up-/down-

conversion subharmonic mixer with phase/amplitude tuning only at 12 GHz as shown in Fig.

4.67 and Fig. 4.68 when RF frequency is 24-32 GHz, IF frequency is 4 GHz, and LO power

is 12 dBm. Except at 12.5 and 13 GHz, it can reach an IRR of 35 dB for up-conversion of

three chips; except at 12.5-14 GHz, it can reach an IRR of 35 dB for down-conversion of

three chips.
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Fig. 4.67 IRR measurement (#1,2,3) and EM simulation of the high IRR up-conversion

subharmonic mixer (with phase/amplitude tuning only at 12 GHz).
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Fig. 4.68 IRR measurement (#1,2,3) and EM simulation of the high IRR down-conversion

subharmonic mixer (with phase/amplitude tuning only at 12 GHz).
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The measured IRR of the high IRR up-/down-conversion subharmonic mixer (chip #1)
with phase/amplitude tuning to obtain the proper IRR as shown in Fig. 4.69 and Fig. 4.70
when RF frequency is 23.6-32.4 GHz, IF frequency is 3.6-4.4 GHz, and LO power is 12 dBm.
It can reach an IRR of 25 dB for up-conversion and an IRR of 30 dB for down-conversion
from 10 to 14 GHz in 800 MHz IF bandwidth. The detailed control voltages are shown in

Table 4.9.

3.6 3.7 3.8 3.9 4.0 4.1 42 43 44

IF Frequency (GHz)

Fig. 4.69 Measured IRR of the high IRR up-conversion subharmonic mixer (chip #1) (with

phase/amplitude tuning for proper IRR).
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IF Frequency (GHz)

Fig. 4.70 Measured IRR of the high IRR down-conversion subharmonic mixer (chip #1)
(with phase/amplitude tuning for proper IRR).
Table 4.9 Vphase, VampL, and Vampr (sample #3 in Fig. 3.57) when obtaining the proper IRR

of chip #1.

Up_Freq. (GHz) Vphase (V) VampL (V) Vampr (V)

10 3 0.85 0.96

5.5 0.9 0.9

4 0.9 0.9

4.2 . 0.9

2.8

1.3

2
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Down_Freq. (GHz)

VPhase (V)

VampL (V)

Vampr (V)

10

5.5

1

0.9

5.6

0.9

5

0.8

4.4

0.8

3.8

2.3

3.8

4.1

4.1

174

doi:10.6342/NTU202203942



4.4 Summary

In this chapter, a 24-32 GHz high image rejection ratio up-/down-conversion
subharmonic mixer is presented. With the analysis and implementation of the 45° LO power
divider and in-phase RF divider/combiner, small phase and amplitude imbalances with good
isolation can be obtained. By employing a subharmonic mixer core constructed by an anti-
parallel diode pair, we only need a 12 dBm LO signal from 10-14 GHz with 0 DC
consumption.

To achieve a high IRR, we need small phase and amplitude imbalances of the quadrature
signal (0°/45°), a good inter-stage reflection coefficient near the quadrature signal (0°/45°)
generator side (LO), and a tunable 1/Q divider/combiner with good isolation and reflection
coefficient. As shown in Fig. 4.12- Fig. 4.15, the isolation of the 45° LO power divider is
less than -18.3 dB and there is a 2.3-(-1.7)° phase imbalance and a (-0.11)-0.04 dB amplitude
imbalance from 10 to 14 GHz. As shown in Fig. 4.34, the reflection coefficient is less than -
11.8 dB from 10.5-14 GHz and is -8.3 dB at 10 GHz. According to [39], the nonzero phase
and/or amplitude imbalances may partly be compensated by the phase and/or amplitude
mismatches caused by the LO reflections. There is a (-0.5)-0.4° phase imbalance that can be
obtained after optimizing the LO inter-stage matching network at 11.5-14 GHz as shown in
Fig. 4.47. Without RF/IF signal combining, the image signal has less power on port
F_1LQ/IF_1,Q in Fig. 4.42 than the RF signal, especially at 10-11.5 GHz as shown in Fig.
4.48/Fig. 4.49, respectively. This compensates for the larger phase imbalance between port
O _I,Q at 10-11.5 GHz. Based on Fig. 4.47- Fig. 4.49, we can conclude that the IRR

performance is great.

175

doi:10.6342/NTU202203942



With the 2.5-5 GHz tunable 1/Q divider/combiner (sample #3), we can perform the IRR
measurements as shown in Fig. 4.65- Fig. 4.70. The maximum IRR of up-conversion is
greater than 45.7 dB and the maximum IRR of down-conversion is greater than 46.7 dB from
10-14 GHz of three chips. With phase/amplitude tuning only at 12 GHz, except at 12.5 and
13 GHz, it can reach an IRR of 35 dB for up-conversion of three chips; except at 12.5-14
GHz, it can reach an IRR of 35 dB for down-conversion of three chips. In the practical
application for 5G communication, the operating data of the IF frequency of 800 MHz
bandwidth should be considered. It can reach an IRR of 25 dB for up-conversion and an IRR
of 30 dB for down-conversion from 10 to 14 GHz in 800 MHz IF bandwidth of Chip #1.

Table 4.10- Table 4.11 summarize the performance of I/Q mixers in GaAs pHEMT,
CMOS, and SiGe in recent years. Compared to these 1/Q mixers, the proposed high IRR up-
/down-conversion subharmonic mixer shows an 8 GHz bandwidth with a center frequency
of 28 GHz. Under this bandwidth, there is a 1.3 dB conversion gain range for up-conversion
with a -11.3 dB conversion gain at 28 GHz and a 1.7 dB conversion gain range for down-
conversion with a -11 dB conversion gain at 28 GHz. It shows a good conversion gain
performance in passive mixers and the best IP1gg in all the published 1/Q mixers. Since the
LO/2LO frequency approaches the RF frequency more closely than the image frequency,
LO/2LO leakage is an important consideration. This work shows excellent 2LO-to-RF
isolation greater than 59.6 dB. With the tunable 1/Q divider/combiner, this work shows the
high IRR level in all the published 1/Q mixers. Even though the area of this work is relatively
large and the bandwidth is only 8 GHz, it exhibits an outstanding comprehensive
performance among conversion gain, 1P1ge, 2LO-to-RF isolation, and IRR for the image
rejection mixer in 5G communication.
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Table 4.10 Comparison of the published 1/Q mixers (part I).

Function of LO Power CG. (dB)

11Q (dBm)

This Work | 0.15 um GaAs 45°PD 12 -11.3 (Up)

pHEMT -11 (Down)

MWCL’ 22 | 55 nm CMOS | 2-Stage PPF 1.2+15

[41]

JSSC’ 22 28 nm CMOS 2-Stage 2-22 (Up)

[35] Coupler 5-29 (Down)

JSSC’ 20 45 nm CMOS 2-Stage 24.5-43.5 35.2

[34] SOl Transformer

APMC’ 19 180 nm 45°PD

[33] CMOS

JSSC’ 18 55 nm CMOS | 1-Stage PPF

[32]

IMS’ 18 0.12 um SiGe | 2-Stage PPF

[31]

ICMMT’ 10 | 0.5um GaAs | 90° Coupler

[42] pHEMT

APMC’ 10 | 0.15 pm GaAs | 4-Stage PPF

[43] pHEMT
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APMC’ 08 | 0.15 pm GaAs | 90° Coupler 24 14.4
[44] pPHEMT

PD: power divider; PPF: poly-phase filter.

Table 4.11 Comparison of the published 1/Q mixers (part II).

IP1gs 1SO. (dB) IRR. (dB)

(dBm)

ThisWork | 3(Up) | >25.9 (LO-to-RF) 2267.5*
3.4 (Down) | >59.6 (2LO-to-RF) 1810

> 38.4 (LO-to-IF) (um*pm)

MWCL’ 22 > 35 (LO-to-RF)

[41]

JSSC’ 22 -9.5 (Up) 40 (Up)
[35] N/A 30 (Down)

(Down)

JSSC’20 | (-7)-(-25.5) 0.52

[34] (mm?)

APMC’ 19 . 1.21

[33] (mm?)

JSSC’ 18 23 (LO Leakage) 590*330
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[32] (m*pm)

IMS’ 18 2.35%113

[31] (mm*mm)

ICMMT’ 10 : 1 (mm?)

[42]

APMC’ 10

[43]

APMC’ 08 > 10 (LO-to-RF)
[44] > 70 (2LO-to-RF)

> 15 (IF-to-RF)

*: off-chip 1/Q calibration.

**: on-chip 1/Q calibration.
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Chapter 5 Conclusion

This thesis presents a 24 GHz high conversion gain and low noise down-conversion
active mixer, a millimeter-wave up-/down-conversion image rejection module, and a 24-32
GHz high image rejection ratio up-/down-conversion subharmonic mixer.

The first work is a 24 GHz high conversion gain and low noise down-conversion active
mixer in 0.18 um CMOS process. In order to effectively improve the performance of noise
and conversion gain, the concepts of the current-bleeding technique and the resonant inductor
are utilized in this design. However, after two tape-outs, the reason for the severe reduction
in conversion gain has not been found so far.

The second work is a millimeter-wave up-/down-conversion image rejection module.
By replacing the capacitors on the left-handed transmission line with the varactors and
employing the PIN diodes on the T-type attenuators. The tunable 1/Q divider/combiner
achieves an 80-100° and a (+2)-(-1.1) dB phase and amplitude tuning ranges at 2.5-5 GHz,
respectively. According to the experimental results, the image rejection module has excellent
IRR performance at 3-4.5 GHz, and the 800 MHz at 3-4.5 GHz also has good IRR
performance.

The last work is a 24-32 GHz high image rejection ratio up-/down-conversion
subharmonic mixer in 0.15 um GaAs pHEMT process. By utilizing the modified Wilkinson
power divider, the 45° LO power divider with small phase and amplitude imbalances reaches
a great isolation performance. The quasi-lumped ALo/4 short/open stubs of the subharmonic
mixer core have good isolation of 2LO-to-RF, LO-to-RF, and LO-to-IF. Besides, the analysis
of the LO inter-stage reflection coefficient is adopted in designing the matching network to

optimize IRR. The proposed 1/Q mixer exhibits outstanding IRR performance over a wide
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bandwidth with the tunable 1/Q divider/combiner in measurement. The conversion gain, IP1ds,
and port-to-port isolations also have good performance from the measured results.

In author’s opinion, there are four crucial factors to achieving a high IRR. The first is
the small phase and amplitude imbalances of the quadrature (or 0°/45°) signal. The second
is the good isolation between the quadrature (or 0°/45°) signals. The third is about the LO
inter-stage reflection coefficient. A good reflection coefficient directly influences IRR
performance, and a poor reflection coefficient may compensate for the impact on IRR caused
by non-zero phase and/or amplitude imbalances. The last one is the reflection coefficient and
isolation of the 1/Q divider/combiner. A poor reflection coefficient and/or weak isolation

leads to a bad tuning ability.
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