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EE 502 MPA and Antenna System

1 Introduction

The objective of this term project is to design a multi-port amplifier and antenna system for a
millimeter wave 5G band with dynamic control over power distribution and beam-steering.

The application of this design was chosen to be for Automotive Radar applications operating within
the new state-of-the-art 77 GHz radar band. This 77 to 81 GHz band is within the IEEE defined W-
band and serves as the new short-range radar band replacing the legacy 24 GHz band [5]. This new
band boasts larger available bandwidths and better resolutions, smaller physical size, and higher
power levels [6], all advantages behind the shift up to the 77 GHz band from the 24 GHz band.
This design will specifically focus on a center frequency of 79 GHz.

Multi-port Amplifier’s can be implemented in a similar fashion as phased-array antenna systems.
They allow for dynamic, directional control over power, bandwidth, and beam-forming capability.
Using an MPA system for automotive radar application can be advantageous with up-and-coming
autonomous driving solutions. Figure 1 below shows how controlling the phase of each antenna’s
propagating wave can control where the transmitted field and wave will be the strongest due to
constructive and destructive wave interference as well as dynamic power control. This allows the
direction and power of the transmitted wave (or beam) to be steered (by 6° of Figure 1) by manip-
ulating the respective phase of each ports propagated signal. In automotive radar applications this
can allow for more efficient signal and power distribution in regard to environmental sensing and
autonomous driving.
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Figure 1: Antenna Array Beam-Steering and Power Distribution Diagram (reference ‘Phased Array’
via The Free Encyclopedia)
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2 Specifications and Requirements

Table 1 below shows the initial design specifications and requirements for this term project. Note
that the TX signal direction is in units degrees and is equivalent to the 6 angle in Figure 1.

Table 1: Design Specifications and Requirements

’ Parameter ‘ Min ‘ Typ ‘ Max ‘ Unit ‘

Operational Frequency 7 79 81 GHz
System Gain 10 - - dB

Operating Voltage - 4.0 - \Y

TX Signal Direction -50 - +50 °

Single Port Focused Output Power | 75 - - W
Four Port Balanced Output Power | 25 - - W
DC Power Consumption - - 700 | mW

3 Block Diagram

A full system level block diagram is shown below in Figure 2. The system features butler matrices on
the input and output system ends, four 50 2 matched amplifiers, four TX antennas, four respective
phase shifters, and several matching networks. The initial design for the phase shifter will be simply

utilizing transmission lines and varying the length to vary the propagation delay and relative phase
shift.

The amplifier block has also been selected to be the HMC-AUH320 GaAs HEMT MMIC Medium
Power Amplifier [3] and is discussed in Section 4. The quadrature couplers will represent 90° Hybrid
couplers and the antennas will either be selected or designed. Several other system components are
discussed in the following sections.

Amplifiers

-------------

Matching Network R ; '
FI_nPElt_[_iqt}e_r _I\/_la_t[i)_(‘ ! J' : - . | Output Butler Matrix " ~==--

N L S — : : Lo : Avd

© : e : : v : : — _M:
N3 L L b ! : b : Ave

; L — — ! : Lo ' ouTs | [ !

I

Figure 2: System Block Diagram
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4 Amplifiers

The amplifier device serves as one of the most important components of this design. Arranging four
amplifiers in a balanced topology allows for the combination and potential of quadrupling output
power at a single, given output port.

A search for a suitable amplifier was conducted to find one with acceptable performance specifica-
tions to satisfy the given system design specifications.

4.1 Device Selection and Initialization

Gain, bandwidth, power consumption, and dynamic range measurements were all considered when
selecting an amplifier. Another factor that was important was confirming that the amplifier either
had a transistor model to be imported into ADS or available S2P files including Scattering Parame-
ters. Without one of these two options, it would be impossible to model and simulate the amplifier

in ADS.

After exploring several options, the HMC-AUH320 GaAs HEMT MMIC Medium Power Amplifier,
by Analog Devices was selected. It was chosen for its considerable gain, high dynamic range, and
low power consumption all within the frequency band of operation. Table 2 below highlights the
electrical specifications of the HMC-AUH320 amplifier.

Table 2: HMC-AUH320 Amplifier Performance Specifications [3]

’ Parameter ‘ Min ‘ Typ ‘ Max ‘ Unit ‘
Frequency Range 71 - 86 GHz
Gain 10 16 - dB
Input Return Loss - 4 - dB
Output Return Loss - 6 - dB
1dB Compression Output Power (P1dB) | - 15 - dBm
Saturated Output Power (Pyy) - 16 - dBm
Supply Current - 130 - mA
Supply Voltage - 4 - V
Input/Output Impedance - 50 - Q

4.2 Amplifier Performance

A model for the selected amplifier can now be created in ADS. Since a S2P file was provided by
Analog Devices, the file can simply be imported into a SNP block within ADS to model the device.
Pins can be attached to the input and output of the SNP block respectively, as seen in Figure 3.

An amplifier symbol was then created from the schematic shown in Figure 3 utilizing ADS’s hi-
erarchical network feature [7]. Figure 4 highlights the HMC-AUH320 ADS symbol used for the
design.

(©) 2021 Pavin S. Virdee 6



EE 502 MPA and Antenna System

Der -
SNP1 _
Flle—“H \EE 502\MPA and Antenna System\HMC AUH320 RF Amp\HMC AUH320 probe s2p“

o F—

Num=1 3 _I_ y : : sNum=2 .=

Figure 3: HMC-AUH320 Amplifier Sub-Symbol (internal) Schematic

Figure 4: HMC-AUH320 Amplifier Symbol

An S-Parameter simulation can then be performed on the device to verify that the amplifier is
performing to the specifications noted in Table 2 (and the datasheet [3]).

Figure 5 below displays the schematic used to perform a S-Parameter simulation on the amplifier
from 77 to 81 GHz. Figure 6 highlights all four S-Parameter results.

Term Term

T HMC-AUH320_Amp Term?2
Num=1 X1 Num=2
Z=50 Ohm Z= 50 Ohm

Figure 5: HMC-AUH320 RF Performance Verification Test Schematic

4.2 Amplifier Performance © 2021 Pavin S. Virdee 7
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Figure 6: HMC-AUH320 S-Parameter Response

Observe that at the center, design frequency, the forward transmission, So; gain parameter measures
20.631 dB. Additionally, the input return loss (|S11]) measures approximately 5 dB at 79 GHz.

The results observed in Figure 6 concur with the results provided in the datasheet [3], verifying the
operation of the amplifier.

4.2 Amplifier Performance © 2021 Pavin S. Virdee 8
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5 Quadrature Couplers

The system block diagram shown in Figure 2 highlights several quadrature couplers. This sec-
tion will provide a brief background for this component as well as the process taken to design an
acceptable hybrid coupler at the 79 GHz center, design frequency.

5.1 Background

A hybrid coupler, often called a quadrature coupler, is a 3dB directional coupler with a 90° phase
difference in the outputs of the through and coupled ports. A common type of quadrature coupler
composed of microstrip lines is called a branch-line coupler. Each branch of the coupler is of electric
length \/4 with the top and bottom through branches having a characteristic impedance of Z,/v/2.
Figure 7 highlights the above described geometry of the branch-line coupler that will be used for
this design. Additionally, note that the second input, port 4 (of Figure 7) will be terminated and
hence isolated.

0 710
—1]j 00 1
01 j 0

Equation 1 represents the S-Matrix for a branch-line coupler. Evaluating this matrix, it is apparent
that the outputs at ports 2 and 3 will both have half-power magnitudes, with -90 and -180 degree
phase lags, respectively.

The output at port 2 (of Figure 7) can be evaluated by observing the Sy, parameter. The phase
component of this parameter is represented by a —j, which equates to —m/2 radians or —90°. The
magnitude component of this parameter is 1/ V2, which yields a half-power, -3dB power loss.

The output at port 3 (of Figure 7) can be evaluated by observing the S3; parameter. The phase
component of this parameter is represented by a —1, which equates to —7 radians or —180°. The
magnitude component of this parameter is also 1/ V2, again yielding a half-power, -3dB power loss.

Since a —180° phase lags ultimately simplifies to -1, this simply represents a signal inversion with a
0° phase lag, hence the outputs at port 2 and 3 are theoretically 90° out of phase, or in quadrature.

Z,/\2
(Tnput) (1) t (2) (Output)
AL S
Zy ol 1 Zy
]
(Isolated) (4) Y (3) (Output)

k4
Z — Z
‘ Z,2 ¢

Figure 7: Geometry of a Branch-Line Quadrature Coupler [1]

(©) 2021 Pavin S. Virdee 9
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5.2 Ideal Transmission Line Design

Following the theory described in Section 5.1 an ideal transmission line representation of the branch-
line coupler can be designed to verify the design. Additionally, half-wave series lines were placed
at each port to provide feed to the coupling geometry itself. Figure 8 below illustrates this ideal

design.

TLIN TLIN TLIN
TL5 1 6
Z=50.0 Ohm Z=35 Ohm 7=50.0 Ohm
E=180 E=90 E=180
F=79 GHz F=79 GHz F=79 GHz
+ ¥ Torm L L (I =1 Term AX | S-PARAMETERS l
Term1 Term2
Num=1 Num=2 S -Param
Z=50 Ohm ?I:LIN ?l:IZN Z=50 Ohm SP1
= L[t SRR = Start=77 GHz
= E=90 E=90 = Stop=81 GHz
F=79 GHz F=79 GHz Step=10 MHz
|—| | —— [ — |
* Term L1 L L1 3 Term
Term4 TLIN TLIN TLIN Term3
Num=4 TL8 TL3 TLY Num=3
Z=50 Ohm . Z2=50.0 Ohm Z=35 Ohm, 7=50,0 Ohm Z2=50 Ohm
= E=180 E=90 E=180 =
—— F=79 GHz F=79 GHz F=79 GHz

Figure 8: Branch-Line Coupler with ideal Transmission Lines

Figure 9 below highlights the S-Parameters results for the forward and coupled transmission with
respect to input port 1 (Sy; and S31) and input port 4 (Ss4 and Sa4). Note, the expected symmetries
observed in the S-Parameters as well as the near perfect 3dB, half-power loss and 90° quadrature
observed at the output ports 2 and 3, respectively.
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Figure 9: Branch-Line Coupler with Ideal Transmission Lines Simulation Results

5.2 Ideal Transmission Line Design () 2021 Pavin S. Virdee
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5.3 Practical Microstrip Design

After the theoretical design was verified via the ideal transmission line model described in Section
5.2, a practical microstrip version of the design can be implemented.

First, an adequate substrate needs to be selected for the high frequency, millimeter wave application
of this design. Rogers Corporation provides a variety of different substrate materials for high
frequency applications, one of them being the RO3003 High Frequency Laminate material. This
laminate has a specific application for automotive radar in the 77 GHz frequency band, which is
perfect for this design. Table 3 below highlights the performance specifications for the RO3003
substrate.

Table 3: RO3003 Substrate Performance Specifications [4]

’ Parameter \ Value \ Unit ‘
Dielectric Constant 3.00 +0.04 -
Dissipation Factor, tan 0.001 -
Standard Thickness, H 10 mils
Density 1.4 gm/cm?

Standard Copper Thickness | 0.5 /17 | oz / pm
Copper Conductivity (o) 5.96e+7 S/m
Relative Permeability (p,) 1 -

Rogers Corp RO3003 RF Laminate

MSub

MSUB

MSub1
H=10.0 mil
Er=3.00
Mur=1
Cond=5.96e7 .
Hu=3.93701e+34 mil
T=17 um
TanD=0.001
Rough=0 mil -
Bbase=
Dpeaks=

Figure 10: RO3003 Laminate Substrate Definition

Using the substrate definition noted in Figure 10, the Lincalc tool in ADS can be used to compute
the physical lengths and widths of the microstrip lines to the corresponding design parameters of
the ideal schematic shown in Figure 8. Table 4 below highlights the physical dimensions of the
initial branch-line coupler design.

5.3 Practical Microstrip Design (©) 2021 Pavin S. Virdee 11
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Table 4: Branch-line coupler initial physical dimensions

| Electric Length ()) | Impedance (Q) | Phase (°) | Length (mils) | Width (mils) |

Nz 50 90 23.14 27.2
N4 35 90 22.6 157
A2 50 130 6.3 27.2

Note, 50  is the system characteristic impedance, Z,, while 35 Q is approximately

Zo/\2.

Figure 11 below highlights the initial branch-line design schematic, while Figure 12 illustrates its
simulation results.

NOTE: - : : i
Half-wave parameters are at 50 Qhms
Quarter-wave parameters are at 50/root(2) Ohms

. : } . . - MTEE_ADS MTEE_ADS
VAR Teet MLIN Tee2
. VAR1 X . X . X X X . X . Subst="MSub1" T Subst="MSub1"
Quarter_Wave=22.6 W1=Wo_50 mil Subst="MSub1" W1=Wo_35 mil
Quarter_ Wave_50=23 14 W2=Wa_35 mil W=Wo_35 mil W2=Wo_50 mil
*Wo_50=272 - . . . . . . . . *W3=Wo 50 mil L=Quarter Wave mil- W3=Wo_50 mil

Wo_35=457
. Half_Wave=46.3

© MLIN
Term1 TLS

MLIN
TLG

Term
Term2

H Num=1 Subst="MSub1" . . Subst="MSub1" Num=2
Rogers Comp RO3003 RF Laminate S0 Ohm . W=Wo_50 mil MLIN MLIN W=Wa_50 mil e i
L=Half Wave mil L4 T2 L=Half Wave mil
MSub Subst="MSub1" Subst="MSub1"
W=Wo_50 mil W=Wo 50 mil

MSUB L=Quarter_Wave_50 mil L=Quarter_Wave_50 mil

MSub1

H=10.0 mil

Er=3.00

Mur=1 {. < ] 1 | 1 I I f—l\_l

3322—953?3?;34 8 B3 i MLIN MTEE_ADS MLIN MTEE_ADS MLIN +3 Term
T=17 um Term4 e eet: (L3 Tee3 7 Term3
i Numed Subst="M Sub1" Subst="MISUD1” Subst="MSub1"  Subst="MSub1" Subst="MSub1" Hum.3
Rough=0 mil Z=50 Ohm . W=Wo_50 mil ’ W1=Wo_35 mil W=Wo_35 mil ~ Wi=Wo_50 mil W=Wo_50 mil ) Z=50 Ohm
s — L=Half Wave mil W2=Wo_50 m!\ L=Quarter_Wave mil W2=Wo_35 m!l L=Half_ Wave mil —

Dpeaks= 1 W3=Wo_50 mil W3=Wo_50 mil 1

Figure 11: Initial Microstrip Branch-Line Coupler Design Schematic

5.3 Practical Microstrip Design (©) 2021 Pavin S. Virdee 12
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Figure 12: Initial Microstrip Branch-Line Coupler S-Parameter Results

Observe from Figure 12 that the initial simulation is far from what the expected results should be.
Attenuation losses along with imprecision in physical dimensions at such high frequencies lead to
losses over 10 dB at the center frequency with inconsistent phase relationships.

To alleviate these issues, optimization will be conducted on the design. Four goals were set:
1. Output port 2 magnitude greater than -3dB.
2. Output port 3 magnitude greater than -3dB.
3. Output port 2 phase within -100 to -80 degrees.
4. Output port 3 phase within -190 to -170 degrees.

Utilizing the Hybrid and Quasi-Newton Optimizers, the final results pictured in Figure 14 were
achieved. Port 2 and 3 featured losses very near -3dB with astounding phase representations of -90

and -180 degrees at port 2 and 3, respectively. Figure 13 highlights the final branch-line coupler
design schematic.

5.3 Practical Microstrip Design (©) 2021 Pavin S. Virdee 13
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Figure 13: Final Microstrip Branch-Line Coupler Design Schematic
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Figure 14: Final Microstrip Branch-Line Coupler S-Parameter Results

5.3 Practical Microstrip Design
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6 Butler Matrix

The input and output Butler Matrix pictured in the system block diagram are pivotal to the MPA
design. They serve as the primary power combining components for this design. This section will
discuss a brief background on Butler Matrices as well as the implemented design.

6.1 Background

In its simplest form, a Butler Matrix is a beam-forming network. They’re most commonly found
in phased-arrays and can be used to steer an antenna beam in a specific direction in one plane [8].
They utilize an array of 4 hybrid couplers, discussed in Section 5 with 45° phase lags between the
top and bottom through paths, as observed in Figure 15.

=45°
-3dB -3 dB
me >< @ ><
2L O -
-3dB -3 dB
2R © > >< —-45° ><

Figure 15: Geometry of a Butler Matrix (reference ‘Butler Matriz’ via The Free Encyclopedia)

Although beam forming is one feature of the Butler Matrix, the phase relationships characteristics
of this network can be utilized to allocate and combine power to different antennas. The input
Butler Matrix will split the power from the single input port to the four balanced amplifiers, while
the output Butler Matrix combines and distributes the amplified power to the antennas. Since the
hybrid coupler has already been designed in Section 5, the Butler Matrix can be constructed by
simply utilizing four identical versions of this design along with additional intermediate microstrip
lines used for phase shifting.

6.2 Design

To simplify the design and create clean schematics, multiple levels of symbols and sub-networks
were created for the Butler matrix. To start off, the final branch-line coupler design from Figure
13 was placed in a separate schematic with it’s replicate right below it. Pins were attached to
each respective input and output port. This topology can be described as stacked couplers and is
pictured in Figure 16. It was then placed into a symbol named Stacked_HybridCoupler, observed
in Figure 17.

(©) 2021 Pavin S. Virdee 15
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Figure 16: Stacked Couplers sub-network (internal) Schematic
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Figure 17: Stacked Couplers Symbol
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This stacked coupler symbol can now be used with, again, a replicate of itself, to create the Butler
Matrix shown in Figure 15. Figure 18 illustrates this topology. Note several aspects of this design:

e The intermediate eighth wave microstrip line serves as a 45° phase shifter for the top and
bottom through paths.

e The second and third outputs of the first stacked coupler get switched to connect to the third
and second inputs of the second stacked coupler, respectively. This is known as a crossover
and for simulation purposes is just represented as flipping the wire lines.

Figure 19 represents the symbol created from the schematic described above and shown below in
Figure 18.

MLIN
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Subst="MSub1" MSub
CO— W=Wo_50 mil —< >
P1 L=Eighth_Wave mil P5 MSUB
Num=1 Num=5 MSub1
H=10.0 mil
O | i = = 5 |+C> Er=3.00
P2 2% I_|_| 2 P8 : Mur=1 :
Num=2 s w 3 op Num=6 Cond=5.96e7
Hu=3.93701e+34 mil
C>_.7 L - > T=17 um
P3 = TanD=0.001
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Figure 18: Butler Matrix sub-network (internal) Schematic
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Figure 19: Butler Matrix Symbol
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6.3 RF Performance

Now that the Butler Matrix has been designed, it’s RF performance can be verified. Figure 20
below shows the schematic used to test and validate the Butler Matrix. A S-Parameter simulation

was conducted on the component from 77 to 81 GHz.
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Figure 21 below highlights the S-Parameter simulation results.

strongly compared to the theoretical model, as summarized in Table 5.

Observe the network performs

Table 5: Theoretical vs. Simulated Butler Matrix results, input port 1 reference

’ S-Parameter \ Theoretical \ Simulated \ % Difference (Mag. / Phase) ‘
Ss1 -6dB £ 135° | -6.056dB £ 135.353° 0.93 / 0.26
Se1 -6dB £ 45° | -6.178dB £ 45.253° 2.92 / 0.56
S -6dB £ 90° | -6.162dB £ 90.336° 2.66 / 0.37
Ss1 -6dB £ 0° -6.281dB £ 0.097° 4.58 / NaN

locations.

Note, only input port 1 is analyzed since the three remaining input ports
will be terminated. Reference Figure 20 for respective port numbering and
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Figure 21: Butler Matrix S-Parameter Results
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7 Phase Shifters and Matching Networks

Now that the Butler Matrix and Amplifiers have been designed, phase shifters and necessary Match-
ing Networks can be implemented. This section will give a brief overview of the phase shifting
topology chosen as well as a matching network designed.

7.1 Phase Shifters

Phase shifters serve as a pivotal component to the MPA. Without the addition of the phase shifters,
power allocation of the outputs can not be dynamically controlled. For this design, one of the
simplest forms of a phase shifter was used — a microstrip transmission line.

By adjusting the physical length of a transmission line, the electric length also becomes manipulated.
As already seen, when electric length changes, the relative phase lag of the line also changes.
Therefore, the transmission line physical lengths can be altered to directly adjust the phase shift
of a signal propagating through the line. Section 9 will expand on this theory and highlight the
relative phase shifts required to focus power at a single port or provide a balanced output power to
all four ports.

Figure 22 below highlights the microstrip transmission lines used as phase shifters for this design.
Length parameters L1 through L4 were all set as variables that could be directly controlled to
adjust the corresponding phase. Wo represented each lines width, which varies the corresponding
impedance of the line. This width parameter was also set as a variable to optimize in terms of
power reflection and transmission.

Phase Shifters

MLIN -

L1 g
Subst="MSub1".
W=Wo mil
L=L1 mil

_.,._[:I_.__

MLIN -

mnz . 2
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L=L2 mil

ﬁ,

MLIN
TL3
Subsi="MSub1"
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L
MLIN

TL4
Subst="MSub1"
W=Wo mil -
L=14 mil.

Figure 22: Phase Shifter Transmission Lines

(©) 2021 Pavin S. Virdee 20



EE 502 MPA and Antenna System

7.2 Matching Networks

Matching Networks are a fundamental component of nearly every high frequency design. The
purpose of a matching network is to matching two impedances in order to minimize reflections,
hence maximizing transmission.

Although the system characteristic impedance is 50 €2, the input/output impedance of several blocks
have been adjusted in order to maximize power efficiency of the block. To ensure that this power
efficiency is not corrupted when interconnecting components, special attention must be paid to
components port impedances.

Through optimization, the input/output impedance of the Butler Matrix was shifted up to 65.2718 €.
Being that the input Butler Matrix will be connected to the 50 €2 input terminals, an input matching
network must be designed to match 50 2 to 65.2718 2. The Butler Matrix output interconnection
with the Phase Shifters can be ignored since the width (ultimately, impedance) of the Phase Shifters
is a variable term to optimize power efficiency.

Similarly, the output Butler Matrix is interconnecting the Amplifiers to the Antennas. Given the
amplifier has a matched output impedance of 50 €2, a matching network needs to be assigned
between the amplifier and output butler matrix in order to match 50 €2 to 65.2718 €2. The output
impedance of the butler matrix can again be ignored since it’s being connected to a designed patch
antenna, where the feed impedance will be specifically designed to match 65.2718 (2.

There are several different Matching Network topologies, but a strong model that will be chosen
for this high frequency design is a Double Stub tuner. This microstrip topology is favorable for
wide-band matching and can be tuned utilizing shunt open-circuit stubs. Figure 23 illustrates the
double stub tuner topology. Since both necessary matching networks described above need to match
50 €2 to 65.2718 €1, a single design can be constructed.

To design this network, a MATLAB script was developed to compute the necessary electric lengths.
A fixed A/8 series stub will be used to interconnect the two shunt open-circuit stubs. Reference
Appendix A for the MATLAB source code.

-
i
~

Figure 23: Double Stub Tuner Matching Network Diagram [1]
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Table 6 below summarizes the design parameters that were attained via the MATLAB design script
(reference Appendix A) and ADS’s Lincalc tool.

Table 6: Matching Network Design Parameters via MATLAB script, reference Figure 24

| Parameter | Impedance (?) | Electric Length () / °) | Length (mils) | Width (mils) |

Ly 20 0.125 / 45 11.569016 27.154449
L, 20 0.17531 / 63.1116 16.225315 27.154449
Ly 20 0.18394 / 66.2184 17.024055 27.154449

Figure 24 shows the final double stub tuner matching network design with a center, design frequency

of 79 GHz.

MTEE._ADS MTEE_ADS
Tee1 Tee2
Subst="MSub1" Subst="MSub1" _ _ %] VAR.
W1=Wo mil W1=Wo mil MSub VAR
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TL2 TL3 Rough=0 mil
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Figure 24: Matching Network sub-network (internal) Schematic

Figure 25 below represents the matching network symbol consisting of the internal, sub-network
schematic shown above in Figure 24.

@-.— Term_50  Term_65 —.—@

Figure 25: Matching Network Symbol

The designed matching network can now be tested to verify it’s RF performance. Figure 26 repre-
sents a test schematic used to model an impedance translation of 50 €2 to 65.2718 2. An S-Parameter
simulation was performed from 77 to 81 GHz.
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Figure 26: Matching Network Design Verification Test Schematic

Figure 27 below highlights the performance of the double-stub tuner matching network. The input
reflection and forward transmission parameters are plotted versus frequency. The designed double-
stub tuner boasts an exceptional -42.461 dB of input return loss and 0.070 dB of insertion loss at

the center, design frequency of 79 GHz.
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Figure 27: Matching Network Design Verification Simulation Results

7.2 Matching Networks
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8 Patch Antennas

The final component remaining in the system design is the Antenna. The antenna is again an
important component to this design. It is also the most sensitive in terms of suffering from input
return loss and power efficiency so special care must be taken during the design.

8.1 Antenna Type Selection

The first step in designing the antenna is selecting what type of antenna to use. A patch antenna
was chosen for this design for several reasons. One being that it is feasible to design a patch
antenna in Keysight ADS given it is simply conductive material geometrically printed on a substrate.
Furthermore, the patch antenna is low-cost, low-profile, and can easily be fabricated [2]. Also, given
the high frequency and resulting small physical dimensions of this design, a Patch Antenna can easily
be integrated into the full system without sacrificing physical size.

8.2 Design and Layout

To design the antenna, the physical dimensions need to be computed based off of the design fre-
quency and substrate parameters. The design frequency for this antenna will be the same 79 GHz
center frequency. Additionally, the RO3003 substrate will again be used for this antenna design.

microstrip

P Microstri I
transmission —* Ant P 11“010?“‘{13
line SHisI transiggion Patch
line Antenna

! |

i
substrate

www.antenna-theory.com
substrate Ground Plane

Figure 28: Geometry and Physical Parameters of a Patch Antenna [2]
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erf +0.3)(% 4 0.264
AL = 0421 Lt T )(H; ) (5)
(Eeff - 0258)(ﬁ + 08)
L=L.s—2AL (6)
Where,

fo = resonance frequency = 79 GHz
W = Patch Width

L = Patch Length

H = Substrate thickness = 10 mils

€, = Substrate dielectric constant = 3.00

¢ = speed of light = 3.00 x 108

Note, all design equations above are referenced from [6] and [2].

Using the equations and definitions noted above, the patch antenna dimensions were attained.

An additional feature that will be added to the antenna design is a feed. This antenna feed will
have a width that corresponds to the impedance of the output terminals of the output butler
matrix (65.2718 ) in order to minimize reflections and maximize power transmission. The length
will represent a A/4 microstrip transmission line.

The full antenna design physical dimensions are summarized below in the Table 7.

Table 7: Patch Antenna Physical Dimensions

’ Parameter \ Value \ Unit ‘
Patch Length, L | 0.95108 / 37.44409449 | mm / mils
Patch Width, W | 1.34261 / 52.85866142 | mm / mils

Feed Length 23.639606 mils
Feed Width 17.290394 mils

8.2 Design and Layout

© 2021 Pavin S. Virdee

25



EE 502 MPA and Antenna System
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Figure 29: Patch Antenna Layout w/Approzimate Dimensions

Figure 29 displays the Patch Antenna layout with approximate dimensions corresponding to those
noted in Table 7.

In order to verify the antennas RF performance a substrate then had to be defined in ADS Mo-
mentum. Figure 30 illustrates the RO3003 defined substrate. It features a microstrip topology
with a top open dielectric of air, copper conductor, RO3003 substrate, and a Omil bottom perfect
conductor (essentially just used as a bottom platform for simulation).
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Substrate Name: antenna_sub
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Cover PERFECT_COMDUCTOR 0um

Figure 30: Momentum RO3003 Substrate Definition

Now that the antenna has been designed and a substrate has been defined, the RF performance
can be verified.

8.3 Antenna Performance

Keysight Momentum is a 3D planar electromagnetic (EM) simulator that enables RF and microwave
designers to simulate and optimize their designs [9]. It utilizes Method of Moments (MoM) tech-
nology along with microwave full-wave simulations to compute EM solvers and model real layout
characteristics such as parasitics, coupling, the skin effect, and the substrate effect.

Momentum was utilized to characterize the antenna design discussed in Section 8.2. Figure 31
summarizes the simulated Antenna parameters for this design at the resonance frequency of 79
GHz. Note a favorable directivity of approximately 8 dBi, but a low antenna gain of approximately
3.2 dB and a radiation (power) efficiency of approximately 33% or ~ —4.8 dB. Also, note the
angle of max radiation intensity being (6, ¢) = (29°,90°). This points 29 degrees downward in the
YZ-plane relative to a +Z-orthogonal vector referenced from the X-plane.
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ﬂ Antenna Parameters

Frequency (GHz)

Input power (Watts)
Radiated power (Watts)
Directivity{dBi)

Gain (dBi)

Radiation efficency (%)

Maximum intensity (Watts/Steradian)

Effective angle (Steradians)
Angle of U Max (theta, phi)
E(theta) max (mag,phase)
E{phi} max (mag,phase)
E(x) max (mag,phase)

E{y) max (mag,phase)

Elz) max (mag,phase)
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0.001957M91
0.00195791
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0.00079 1459
d.02805
3.20695
329526
0.000399972

1.87881
20
13.9563
-0.69193
179,308
13.9563
-166.044

Figure 31: Momentum Simulated Antenna Parameters at 79 GHz

Figure 32 below highlights the input return loss of the antenna. The target, acceptable value of
-10 dB was just surpassed, with the antenna featuring a S;; = —10.314dB £ — 156.584° at 79GHz.
This yields 9.3% of the signal being reflected at the input of the antenna.
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Figure 32: Momentum Simulation Input Reflection, S,
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Figure 33 below displays the antenna gain and directivity at two fixed ¢ angles, while sweeping 6.
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Figure 33: Antenna Gain and Directivity Plots for §]—90°, +90°]

Figure 34 below displays the antenna radiation intensity at two fixed ¢ angles, while sweeping 6.
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Figure 34: Antenna Radiation Intensity Plots for §[—90°, +90°]

Additionally, Figure 35 represents a 3D model of the far-field antenna (E-field) radiation pattern
at 79 GHz. It shows how the antenna radiates in all directions bounded from ¢[0°,360°] and
0[—90°,4+90°]
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4 o
(a) Display 1 (b) Display 2

Figure 35: Antenna Far-field Radiation Pattern, Cartesian Coordinate System with ¢ Angle Anno-
tations

Figure 36 represents a 3D model of the far-field current density at 79 GHz. This simulation demon-
strates how the skin effect plays a role on this antenna design.

¥
Pooeroo o [ T T W e
Figure 36: Antenna Far-field Current Density (A/m)
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9 System Testing

With a full design, system level testing can now be performed. The main objective of this system
level testing is to see how phase shifting can either focus and maximize full system power to a single
output port, or distribute power equally among all four output ports.

9.1 Full System Design

Figure 37 highlights the full MPA and Antenna System design. For this section, output terminals
will be referred to as OUTn, where n is the port number 1 through 4. Output port 1 is top output
port, followed by 2, 3, and 4 descending downward. Figure 37 illustrates this relationship.
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Figure 37: Full System Schematic

Figure 38 below illustrates the full system design gain budget for a single path. Observe from this
figure that a full system gain of approximately 7.84dB can be achieved, excluding the antenna.
Including the antenna, a gain of 11.84dB can be attained. Note, the figure states these values in
terms of output power assuming an input of 0dB — this is equivalent to the gain parameter.
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Figure 38: System Gain Budget
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Note, all testing will be performed only utilizing a single input, IN1, with the remaining
being matched terminated.

9.2 OUT1 Port Single Output

The first test and optimization process that was performed was to maximize power at the OUT1
output port. To accomplish this, the width and lengths of the four phase shifters discussed in Section
7.1 were varied. By varying the lengths, the associated phase of each path was proportionally varied.
Adjusting the phases of each path can allow for power combination at a single port, which was the
goal.

To find the appropriate phases to maximize power at the first output port, OUTI1, the Quasi-
Newton and Hybrid optimizers were used to adjust the four length variables, L1 through L4 and
their associated widths, Wo.

Figure 39 shows the resulting physical dimensions that were found to attain a maximized gain of
20.04 dB at the center, design frequency of 79 GHz.

%] VAR
- VAR1
L1=6 {0}
L2=49.573 {0}
L3=60 {0} -
L4=16.5053 {0}
 Wo=10 {o} .

Figure 39: Single OUT1 Port Focused Power Phase Shifter Values

Table 8: Final Variable Parameters to Maximize Power at Output Port OUT1

Parameter | Physical Dimension (mils) | Electrical Property | Value | Unit |

L1 6 Phase Shift 22.2791 °
L2 49.573 Phase Shift 184.0740 °
L3 60 Phase Shift 222.7910 °
L4 16.5053 Phase Shift 61.2872 ©
Wo 10 Line Impedance 86.5178 Q

Figure 40 below illustrates the S-Parameter forward gain results for each respective output port.
Note, the top first plot represents the forward transmission observed at port OUT1 with respect to
port INT.
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Figure 40: Single OUT1 Port Focused Power Simulation Results

9.3 OUT2 Port Single Output

The second test and optimization process that was performed was to maximize power at the OUT?2
output port. To accomplish this, the same optimization process was performed.

Figure 41 shows the resulting physical dimensions that were found to attain a maximized gain of
19.9 dB at the center, design frequency of 79 GHz.
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VAR1

L1=60 {o}
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L3=6 {0}
L4=48.7268 {0}
Wo0=10.0264 {o}

Figure 41: Single OUT2 Port Focused Power Phase Shifter Values

9.3 OUT2 Port Single Output
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Table 9: Final Variable Parameters to Maximize Power at Output Port OUT?2

’ Parameter \ Physical Dimension (mils) \ Electrical Property \ Value \ Unit ‘

L1 60 Phase Shift 222.8160 ©
L2 14.9678 Phase Shift 55.5845 ©
L3 6 Phase Shift 22.2816 ©
L4 48.7268 Phase Shift 180.9520 °
Wo 10.0264 Line Impedance 86.4126 Q

Figure 42 below illustrates the S-Parameter forward gain results for each respective output port.
Note, the second plot represents the forward transmission observed at port OUT2 with respect to
port IN1.
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Figure 42: Single OUT2 Port Focused Power Simulation Results

9.4 OUT3 Port Single Output

The third test and optimization process that was performed was to maximize power at the OUT3
output port. To accomplish this, again, the same optimization process was performed.

Figure 43 shows the resulting physical dimensions that were found to attain a maximized gain of
20.993 dB at the center, design frequency of 79 GHz.
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Table 10: Final Variable Parameters to Maximize Power at Output Port OUT3

Var

Egn

VAR

- VAR

L1=9.13662 {o}
L2=6.72459 {0}
L3=56.1189 {0}
L4=56.8765 {0}

 Wo=10{o}

Figure 43: Single OUT3 Port Focused Power Phase Shifter Values

’ Parameter \ Physical Dimension (mils) \ Electrical Property \ Value \ Unit ‘

L1 9.13662 Phase Shift 33.9259 ©
L2 6.72459 Phase Shift 24.9696 ©
L3 56.1189 Phase Shift 208.3800 ©
L4 56.8765 Phase Shift 211.1930 °
Wo 10 Line Impedance 86.5178 Q

Figure 44 below illustrates the S-Parameter forward gain results for each respective output port.

Note, the third plot represents the forward transmission observed at port OUT3 with respect to

port INT1.

9.4 OUT3 Port Single Output
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Figure 44: Single OUT3 Port Focused Power Simulation Results

9.5 0OUT4 Port Single Output

The final focused power test and optimization process that was performed was to maximize power
at the OUT4 output port. To accomplish this, the same optimization process was performed as the

previous three cases.

Figure 45 shows the resulting physical dimensions that were found to attain a maximized gain of
20.996 dB at the center, design frequency of 79 GHz.
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Figure 45: Single OUT4 Port Focused Power Phase Shifter Values
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Table 11: Final Variable Parameters to Maximize Power at Output Port OUT4

’ Parameter \ Physical Dimension (mils) \ Electrical Property \ Value \ Unit ‘

L1 9.20294 Phase Shift 34.1722 °
L2 6.77419 Phase Shift 25.1538 °
L3 7.54158 Phase Shift 28.0033 ©
L4 8.88362 Phase Shift 32.9865 ©
Wo 10 Line Impedance 86.5178 Q

Figure 46 below illustrates the S-Parameter forward gain results for each respective output port.
Note, the fourth bottom plot represents the forward transmission observed at port OUT4 with
respect to port IN1.
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Figure 46: Single OUT4 Port Focused Power Simulation Results

9.6 Balanced Four Port Output

The overall final system level test and optimization process that was performed was to achieve
a maximized, balanced output power at all four output ports To accomplish this, a similar opti-
mization process was performed to vary L1 through L4 and Wo in order to satisfy specific gain
requirements at all four output ports.

Figure 47 shows the resulting physical dimensions that were found to attain a maximized, balanced
gain of approximately 15 dB at all four output ports at the center, design frequency of 79 GHz.
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Table 12: Final Variable Parameters to Balance and Maximize Power at all Output Ports

Var

Egn |

VAR

- VAR1

L1=56.1082 {o}

 L2=55.9867 {0}
- L3=8.7568 {0}
 L4=57.7727 {0}
 Wo=10 {0} .

Figure 47: Balanced Four Port Power Phase Shifter Values

’ Parameter \ Physical Dimension (mils) \ Electrical Property \ Value \ Unit ‘

L1 56.1082 Phase Shift 208.3400 °
L2 55.9867 Phase Shift 207.8890 ©
L3 8.7568 Phase Shift 32.5156 ©
L4 57.7727 Phase Shift 214.5210 ©
Wo 10 Line Impedance 86.5178 Q

Figure 48 below illustrates the S-Parameter forward gain results for each respective output port.
Note, all four plots represents the forward transmission observed at ports OUT1, OUT2, OUT3,

and OUT4 with respect to port INT.

9.6 Balanced Four Port Output
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Figure 48: Balanced Four Port Power Phase Simulation Results

9.7 Output Power Summary

Table 13 below summarizes the power distribution in terms of output port as well as relative phase
lags of each phase shifter. Let, ®, o the phase shift of TLn where n is lines 1 through 4. Reference
Figure 37 for visual illustration of phase shifter (microstrip transmission line) locations.

Table 13: Phase Shifting and Output Power Summary

Focused Output Port | @, (°) | ®(°) | ®3(°) ®,(°) | Gain (dB) | Pout (W) |
ouT1 22.2791 | 184.0740 | 222.7910 | 61.2872 20.04 100.9253
ouT2 222.8160 | 55.5845 | 22.2816 | 180.9520 19.9 97.7237
ouT3 33.9259 | 24.9696 | 208.3800 | 211.1930 20.993 125.6898
ouT4 34.1722 | 25.1538 | 28.0033 | 32.9865 20.996 125.7766
All, balanced 208.3400 | 207.8890 | 32.5156 | 214.5210 * *ok
* Balanced gain (dB) for each port [1, 2, 3, 4] = [14.983, 14.987, 15.050, 15.021]
s Balanced Py, (W) for each port [1, 2, 3, 4] = [31.4992, 31.5283, 31.9890, 31.7761]

Note the P,,; parameter in Table 13 is assuming a 0dB input signal converting the
gain parameter to linear power, in units Watts. Additionally, the listed gain values are
excluding the 3.2dB antenna gain.

9.7

Output Power Summary
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10 Conclusion

This project resulted in the successful design of a Multiport Amplifier and Antenna system. All
of the initial design specifications listed in Table 1 were achieved. At the center, design frequency
the single port focused output gain was maximized to approximately 21 dB, while the balanced,
four port output gain averaged 15 dB. With a 0 dB single input reference, the single port, focused
output power is approximately maximized to an exceptional 126 W while a balanced, four port
output power yielded approximately 31 W. The system also met DC power requirements by only
consuming 520 mW. The final specification that was achieved was the TX Signal Direction. Table
1 requires the system to cover a radiated area of -50 to +50 degrees orthogonal to the antenna.
Referencing Section 8, Figure 35 shows the antenna effective radiation area covering a full 180°
orthogonal to the antenna. Arranging the four patch antennas in parallel to each other increases
the full effective radiation area to the left and right of the entire system yielding a full -90 to +90
degree coverage, orthogonal to the antennas (and system), satisfying the initial -50 to +50 degree TX
Signal Direction specification. Furthermore, it’s worth noting all the dimensions of each component
designed and the full system itself were physically realizable. A full system layout extracted from
the ADS Layout terminal can be observed below in Figure 49.

Patch_Antenna_v1

hing_Network_Symb Matching_Network_Symb

HNC-AUH320_Amp
LIN

MLIN Patch_Antenna_v1

hing_Network_Symb

ButlerMatrix HMC-AUH320_Amp ButlerMatrix

Matching_Network_Symb
MLIN

hing_Network_Symb
g = MLIN  HMC-AUH320_Amp

Matching_Network_Symb

hing_Network_Symb Patch_Antenna_v1
HMC-AUH320_Amp

Figure 49: Full System Layout via ADS Layout Terminal

Figure 50 also illustrates the extracted Gerber files via a Gerber file viewer (via gerber-viewer.com).

Note, the final design dimensions were 960 mzils x 285 muls. |
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Figure 50: Extracted Gerber Files Layout View

In conclusion, a lot was accomplished with this project within the relatively short time frame. An
immense amount of experience with Keysight ADS was acquired as well as a great deal of practical
and conceptual knowledge. Moreover, it was extremely challenging designing RF components and a
full system at such a high millimeter wave frequency, but in-turn yielded a great learning experience.

To further expand on this project, more can still be accomplished down the line if it were to be
picked up for future research and projects. Automated or digitally controlled phase shifters can
be implemented, a full system hardware layout implementation can be developed by integrating
the HMC-AUH320 amplifiers and fabricating the board, better antennas can be designed, beam
steering optimization and testing can be performed, and further general design optimization can be
performed.

Acknowledgements for this project would like to be given to Dr. Dennis Derickson along
with Kyle Woolrich of Boeing Company. Kyle gave the Microwave Engineering class an in-depth
presentation regarding MPA’s that served as good background for this project. Dr. Derickson
provided an abundance of resources and support to help develop this project as well. Overall, this
project was very fascinating and I enjoyed the challenge of designing this system at 79 GHz. All
things considered, this project may be a favorable option for Master’s Thesis selection in the coming
year.
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EE 502 MPA and Antenna System

A Double-Stub Tuner Design MATLAB Source Code
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function [L1,L2] = dstMatchingDesign(Gmag, Gphi,d,stub,Zo)

% function [L1,L2] = dstMatchingDesign(G_mag,G_phi,d,stub,Zo)

% This function finds the two lengths L1 and L2 of either open or

% short circuit stubs for a double stub tuner matching network design.
% Input Parameters:

yA Gmag = Magnitude of the Reflection Coefficient to match

yA Gphi = Phase Angle in degrees of the Reflection Coefficient to match
yA d = set intermediate series stub between shunt stubs

pA stub = either 'open' or 'short' circuit shunt stubs

pA Zo = Characteristic Impedance of System

% Output Parameters:

yA L1l = length of the first shunt stub nearest the Load Match terminal

pA L2 = length of the second shunt stub nearest the pre-matched Zo/Yo

b terminal

% NOTE:

% d, L1, L2 are in terms of electric length & are the coefficient values
yA that get scaled by lamnda (wavelength)

% By: Pavin Virdee

clc; close all;

Yo = 1/Zo; %Characteristic Admittance

Gamma = Gmag*exp (1i*Gphix*pi/180) ; %hcomplex form of the reflection coef.
yL = (1-Gamma)/(1+Gamma) ; %Normalized Load admittance

YL = yLx*Yo; %Load admittance

GL = real(YL); %Load conductance

BL = imag(YL); %#Load susceptance

t = tan(2*pix*d); “tangent term of the intermediate series stub

%should be tan(beta*d), but the lambda's will cancel
hand just leave 2pix*d

%susceptance of the first shunt stub nearest the Load
Bl = -BL + ((Yo + sqrt((1+t~2)*GL*Yo-GL"2*xt~2))/(t));

%susceptance of the second shunt stub nearest the pre-matched Zo terminal
B2 = (Yo*sqrt(Yo*xGL*(1+t~2)-GL"2*t~2)+GL*Yo)/(GL*t) ;

open = 'open'; YJpre-defining open value for conditional check below
if stub == open
L1 = 1/(2*pi)*atan(B1/Yo); 7%length L1 in terms of electric length

L2 = 1/(2*pi)*atan(B2/Yo); Jlength L2 in terms of electric length
%if not open then must be short
else

L1 = -1/(2*pi)*atan(Yo/B1l); Y length L1 in terms of electric length

L2 = -1/(2*pi)*atan(Yo/B2); YJlength L2 in terms of electric length
end

%print shunt stub lengths to command window
disp(['Ll = ',num2str(L1l),' *lambda'l);
disp(['L2 ',num2str (L2),"' *lambda']);

end
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