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Abstract

This thesis first discusses the design, fabrication, and test results of UHF

preamplifier designed to operate from 400 to 500 MHz. The preamplifier integrates a

single-pole double-throw (SPDT) switch, tapped-line interdigital filter, balanced low

noise amplifier, and gain stage in a compact, multilayer package. The switch and

amplification stages are realized on one layer, and the stripline filter is realized on a

second layer. The circuit board dimensions measure 4 inches x 1.25 inches x 0.12 inches.

One hundred eight units were manufactured. The preamplifier has a 3-dB bandwidth of

100 MHz, 31 dB gain, 3 dB noise figure, and 30.6 dBm output third-order intercept.

The second part of the thesis discusses the CubeSat project at the University of

Hawaii and presents an analysis on the radiation pattern of the active antenna on the cube

satellite. The analysis for the active antenna compares two antenna models to the

measured results of a 4x4 grid oscillator. The first approximation model is a rectangular

aperture spaced away from a mirror, and the second model is a dipole array spaced from

a mirror. Two simulation experiments are presented to show how the spacing between

the grid and mirror compares to the measured data and which antenna model more

accurately predicts the radiation pattern.
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INTRODUCTION

Ultra high frequency (UHF) circuits are very useful in present day military radar

systems and civilian amateur satellite communication systems. UHF communication

systems are widely used by all facets of the military (army, air force, and navy) because

the atmospheric attenuation and natural noise levels being nearly negligible [1]. This

allows military communication systems for to operate through the harshest weather

conditions as shown in Figure 1.0a and Figure 1.0b. UHF systems are even desirable for

space satellite communication systems because the manageable component size and low

attenuation characteristics where limited power and space in the satellite are very severe.

This thesis presents two UHF applications the first is a preamplifier front-end designed

for a military radar system, and the second is a civilian amateur satellite communications

system.
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Figure 1.0a: Atmospheric attenuation versus frequency assuming 7.5g/m3 ofwater vapor
at the surface [2J
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Figure i.Ob: Rain attenuation predicted by the Crane model for rain climate typical of
the Northern United States [2]

1.1 UHF PREAMPLIFIER

The Pacific Missile Range Facility (PMRF) on Kauai is a military site that is

active in the monitoring and testing of UHF radar systems [3]. PMRF covers 42,000

square miles of sea and airspace and conducts simultaneous real-time tracking

information on participants, targets, and weapons [4]. One of the primary sites that

PMRF does these tracking experiments is on Makaha Ridge isolated on the west end of

Kauai with an elevation of 1500 to 1800 feet. Activities at this site include tracking and

surveillance radars, primary telemetry receivers and recorders, a frequency-monitoring

station, electronic warfare, and networked communications systems. Existing UHF radar

2



systems built on Makaha Ridge are constantly being upgraded for better performance and

efficiency.

Figure 1.1 shows an existing radar system on Makaha Ridge. The Navy

contracted Massachusetts Institute of Technology Lincoln Laboratory (MIT/LL) to

upgrade the linear array of this existing system. The linear array antenna operates at a

nominal frequency of 435 MHz, and consists of 96 radiating elements. Other radiating

elements will be considered for the upgraded linear array to cover the 420 to 450 MHz

frequency range. The new linear array is made up of 12 mechanically and electrically

identical panels of eight receiver elements. Each panel is about 8ft x 1.5 ft x 3 ft in size.

The panels can be arranged either as a linear 1 x 96-element array, or as a 2 x 48-element

array. The second configuration is shown in Figure 1.2.

Figure 1.1.1: Existing radar system on Makaha Ridge being upgraded by MIT/LL

3
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Figure 1.1.2: The linear array consisting of96 elements

The Navy funded MRFOI radar system must be able to intercept and amplify a

wide range of weak and strong signals, requiring the front end preamplifier system to

have a low noise figure (NF) and high third order intercept (IF3) as possible. MIT/LL

contracted the University of Hawaii to design, build, and test from scratch a prototype of

the preamplifier front end for the MRFOI radar receiver system. The MRFOI is set to

upgrade the existing MRF99 installed in the radar system in Figure 1.1.1. The MRFOI

design proposed by MIT/LL and designed by UH aims to improve upon the main

shortcomings inherent in the MRF99 that include the preamplifier size, reproducibility,

NF, and IF3. The size of the MRFOI preamplifier is reduced from the removal of the

power combining circuitry in each preamplifier. The reproducibility of the MRFOI is

improved by using a stripline band pass filter (BPF) that requires no tuning instead of a

lumped element BPF that requires very precise tuning. The NF and IF3 of the MRFOI is
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improved by choosing low-noise and high-linearity components for the amplifier blocks

of the preamplifier system.

1.2 CUBE SATELLITE

Another useful electronic device that operates at UHF that will be discussed in

this thesis are amateur satellite communications system built and used by civilians for

non-military applications. Small satellites can accomplish many of the same functions of

their larger counterparts, at a fraction of the cost and design time. Launching a satellite

into space using a NASA shuttle can cost millions of dollars per launch, but launching a

satellite using a rocket in the Soviet Union will cost less than $100k [5]. Small satellites

are excellent for remote sensing, quick-response science missions, ad hoc communication

networks, component evaluation, and technology demonstrations. As a result, there has

been an explosion in the amount of small-satellite projects. Indeed, many United States

government agencies, including the Defense Advanced Research Projects Agency and the

Jet Propulsion Laboratory, in addition to companies such as the Aerospace Corporation

and TRW, are all working on small-satellite projects [6] - [9].

Capitalizing on this new interest, Professor Robert Twiggs of Stanford

University's Space Systems Development Laboratory developed the CubeSat program to

expose students to the various aspects of small-satellite design, manufacture, and

operation within a span of approximately one year [10]. Design constraints include a

mass no greater than 1 kg and a maximum volume of 1000 cm3
.

A mock design of the University of Hawaii Cubesat is shown in Figure 1.2.1. The

University of Hawaii is constructing its cube satellite using commercial off the shelf
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(COTS) parts. The main goal in the cube satellite design project is to integrate COTS

parts to construct an end-to-end communication system at UHF. An experimental high

frequency communication system, however, needs to be built from scratch. The high

frequency communications system will be a one-way transmit-receive system from the

satellite to the Earth using an experimental active antenna on the satellite and a receiver

on the Earth. Because the active antenna on the satellite will be the first of its kind in

space, many characteristics such as the output power, gain, and directivity need to be

predicted for flight in space.

.. - onopole AllterUla

"d ciliator

Figure 1.2.1: Conceptual model of University ofHawaii cube satellite

1.3 THESIS ORGANIZATION

In Chapter 2, the preamplifier goals specified by MITILL will be presented. The

details of the design, simulations, and measurements of the UH prototype preamplifier

6



are then discussed. Finally the comparison between the MRFOl UH prototype, MRFOl

built and tested by MITILL, and the MRF99 will be discussed.

Chapter 3 describes how the Cubesat project at UH is organized and my specific

role on the Cubesat project. A summary of the UHF and experimental high frequency

communication system are then discussed. Finally, details of the predicted directional

pattern for the active antenna to be put on the cube satellite are presented and the

simulated versus measured results are discussed.
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2.1 PREAMPLIFIER SYSTEM

The system block diagram of the MRFOI radar receiver is shown in Figure 2.1.1.

The preamplifier designed by the University of Hawaii consists of four essential

components. The first component in the preamplifier is the 'transmit and receive' (TIR)

switch, which will select between a transmitted input calibration signal, and an incoming

radar signal received from the ADS-I8S antenna in figure 1.1. The second component is

the band pass filter (BPF), which will selectively pass only the UHF frequencies ranging

from 400 MHz to 500 MHz. The third component in the preamplifier is the low noise

amplifier (LNA), which amplifies the frequencies from the BPF without amplifying much

of the signal noise. The fourth component in the preamplifier is the gain stage, which

serves to amplify the passed signals even further with minimal signal distortion. The

MRFOI system specifications defined by MITfLL are given in Table 2.1.1.

IF
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Figure 2.1.1: The MRF01 radar receiver system block diagram
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Preamp Switch BPF LNA Stage2 Total
NF(dB) 1.00 1.00 0.90 3.00 2.97
Gain(dB) -1.00 -1.00 17.00 11.00 26.00
OIP3(dBm) 40.00 50.00 34.00 37.00 36.36

Table 2.1.1: The MRF01 preamplifier system specifications goal

2.2 T/R SWITCH

The T/R switch is the first component in the preamplifier system, and has two

modes of operation: transmit mode and receive mode. Based upon the MRFOI system

shown in Figure 2.1.1, the switch is in transmitting mode when a calibration test signal is

chosen as the incident RF signal to the switch. The switch is in receiving mode when the

received signal from the radar antenna is chosen as the incident RF signal to the switch.

The T/R switch was designed using the MIA COM SW-279 single-pole double-throw

(SPDT) switch. The return loss, insertion loss, and isolation parameters for the SW-279

are estimated to be -24.61dB (assuming the voltage standing wave-ratio (VSWR) is

1.12), O.3dB, and 35dB at 500MHz from figures 2.2.1a-2.2.1c. To meet the preamplifier

system specifications goal shown in Table 2.1.1, two SW-279 switches are needed to

obtain the minimum isolation requirement of 40dB.

10
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Figure 2.2.1b: Insertion Loss vs.frequency
ofMIA COM SW-279 [lJ
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Figure 2.2.1c: Isolation vs. frequency ofMIA COM SW-279 [1J

The T/R switch was designed with an isolation of 40dB using two cascaded SW-

279 switches. The total isolation and insertion loss of a cascaded network is the additive

sum in decibels of each component in the network shown in Figure 2.2.2.

11



PIH3

NO

00

Hine

CAL

r-...._...._...._....._.. .... .,., 1
MIA COM - SW-279 !

i
PIN'3 - RF comrnoo i

I

PIN5=RFI I
PIN8-RF2 !

_.__..__ __. ._i

B

0'Ot"
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The two SW-279 switches are connected using a 50.Q transmission line 50mil in

length and mounted on a substrate with Er = 6.15. The 50.Q impedance of the

transmission line is matched to the 50.Q input impedance of each pin of the SW-279 to

ensure there is a maximum transfer of the RF signal from SW-279 A to SW-279 B,

because there is no room for increase in the insertion loss specification goal higher than

1.00dB. The 50mil length is chosen to ensure the transmission line length is much

shorter than a quarter wavelength 0.14 = 2,646mil for a Cr = 6.15 substrate). If the

transmission line length were to approach A/4, the transmission line in transmitting mode

may cause undesirable A/4 resonating effects to the switching system. This is due to the

fact that pin 5 on both SW-279 switches become virtual short circuits to ground in the

transmitting mode shown in Figure 2.2.3.
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The measured results of the T/R switch in receive and transmit modes in are

shown in Figure 2.2.4 and 2.2.5. The return loss (blue) and the isolation (red) are the 8 11

and 821 s-parameters measured on a network analyzer.
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Figure 2.2.4: Receive Mode - switch isolation measurement showing the return loss

(blue) and isolation (red)

13



I I

-i t- - e-

,-

I

I
- ,-

I
.---

--~~ -10
~N
-- -12CI)(J)

arar -14
~~

-16
-18
-20
-22

-24
400 410 420 430 440 450 460 470 480 490 500

freq, MHz

o
-2
-4
-6

-8

Figure 2.2.5: Transmit Mode - switch insertion loss measurement showing the return
loss (blue) and insertion loss (red)

The measured results for the T/R switch are listed in Table 2.2.1. The predicted

return loss is based upon the VSWR being 1.12 in Figure 2.2.1a, and the measured return

loss is the minimum recorded value in Figure 2.2.4. The predicted NF is obtained from

the additive sum of the insertion losses for SW-279 A and SW-279 B in Figure 2.2.1b.

The measured NF is the equal to the minimum recorded insertion loss in Figure 2.2.5.

The predicted isolation is obtained from the additive sum of the isolation in Figure 2.2.1c.

The measured isolation is the minimum isolation recorded in Figure 2.2.4. The predicted

output third-order intercept point (OIP3) is obtained from the rated OIP3 of 61dB at

900MHz and calculating the overall T/R switch IP3 of two cascaded SW-279's [1].
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Switch Return Ioss(dB) NF(dB) Isolation(dB) OIPJ(dBm)

Spec ----------- 1.00 60.00 59.00

Predicted 24.61 0.60 70.00 57.84

Measured 19.00 1.08 50.00 >36
Table 2.2.1: Comparison ofT/R switch specification goals to measurements

From Table 2.2.1 we see that the NF, which is equal to the insertion loss, and

isolation come close to the design specification goals, but the third-order intercept (IP3)

measurement does not. This is because the spectrum analyzer used to measure the IP3

was only able to measure a maximum IP3 of 36dBm. The details concerning how the IP3

of the TIR switch was measured will be explained in section 5 of this chapter because the

overall preamplifier system IP3 performance is not highly dependent upon the switch.

Analyzing multiple components in a system shown in Figure 2.2.6 with a given gain, G,

and IP3, the overall IP3 performance in the system is given by Equation 2.2.1 [2]. This

shows that the most important component in the preamplifier for obtaining a high IP3 is

the last component in the system.

• • •

Figure 2.2.6: Cascaded system with N stages

-J

N 1
IP3system[dBm] =1Olog\O L ---,...---

;=\ IP3; *I1G
j

j+\
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On the other hand, the overall pero rrnance 0 he arne y tern i given by

Equation 2.2.2 [2]. Thi how that th mo t imp rtant mponent in the preamplifier

for obtaining a low the fir t component in th sy t ro.

NF [d'B] JOt NF.1 +~~:: -1sysl~m = og\O L.J
,=2 nG

J
J=I

2.3 BANDPASS INTERDIGITALFILTER

(Eqn. 2.2.2)

The econd comp nent in the preamplifier i th BP . The pecification goal for

the BPF are that it should have a maximally flat pas band from 400-500 MHz, an

in ertion 10 of no more than 1.00dB and have -20dB frequencie at 355MHz and at

535MHz. In order t meet the filter pecifi anon g I a lh rder Butterworth BPF wa

simulated in Advanced De ign y tern ADS) u ing lump d element having a pa band

profile hown in Figure 2.3.1 [2].

Figure 2.3.1a:
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300

lreq, MH,

Figure 2.3.1b: Simulated results of5th order Butterworth BPF

Other design goals require that the BPF be easily reproducible, requiring little to

no tuning after its initial fabrication, and remain as small as possible, due to the fact that

identical preamplifiers must be manufactured for the 96 element array. The BPF on the

MRF99 used lumped elements that amounted to a very small circuit size, but each filter

after its fabrication required tuning. A simple solution would be to make a transmission

line based BPF such as a coupled line filter. Unfortunately, the coupled line filter has

two inherent problems; the first being that the circuit size of a 5th order coupled line BPF

would be very large, and the second being the difficulty of manufacturing the narrow

spacing between the first and last pair of coupled lines.

For this particular BPF requirement, the interdigital BPF topology presents a

couple of advantages over a lumped element and coupled resonator topology. The

interdigital filter consists of quarter-wave resonators with alternating short circuits to

ground in each resonator shown in Figure 2.3.2. The interdigital circuit pattern is

minimized in size by tiling each resonator into a rectangular pattern versus a coupled line
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bandpass filter topology shown in Figure 2.3.3. For a 5th order bandpass filter, the

smallest spacing of the interdigital filter is 0.15 inches compared to the 0.05-inch spacing

for the coupled line filter. Another advantage of the interdigital filter is that the second

passband, which is undesired, does not occur until nearly three times the center frequency

fo, whereas the coupled line filter has an undesired passband after every period.

____I

_____HII
____I

.- J, ..

IN I

11r-!
0

0

0

0

tir-[
our __I

Figure 2.3.2: Interdigitalfilter topology

~'-------
000

000

Figure 2.3.3: Coupled line filter topology

Seven IJ4 resonators are required in designing a 5th order butterworth interdigital

filter. The fractional bandwidth, which is equal to one over the quality factor, of the filter

is defined by the difference between the upper and lower cutoff frequencies divided by

the center frequency, is shown Eqn 2.3.1. Design equations in [3] were used to find the
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mutual and self-capacitances for the interdigital filter. Conversion equations in [4] were

used to convert the mutual and self-capacitances into width and spacing dimensions for

each resonator in the interdigital stripline filter. Using equations in [2], fringing effects

were negated by shortening the open-circuit end of each resonator by 0.2 mm shown in

Figure 2.3.4. The thickness of each copper resonator was designed to be 0.07 mm.

OJupper - OJ/ower 400 - 500
-----'-=--------- = = 0.222.

OJcenter 450

Fringing E-tields

o 0 0

(Eqn.2.3.1)

Transmission Line - Appears longer

Figure 2.3.4: Fringing effects on transmission lines

Some general tradeoffs were noticed in the design of the filter. As the overall

circuit size decreased, the transmission line widths decreased, which decreased the

amount of surface that current can flow through on the filter, resulting in a higher

insertion loss. The selection of the dielectric material greatly affects the overall size of

the filter. As the thickness of the dielectric increased, the width and spacing of each

resonator would increase. As the dielectric constant decreased, the length of each

resonator would increase. Plots documenting various dielectrics and the predicted

insertion losses versus dielectric thickness are shown in Figure 2.3.5. Due to practical

19



design constraints, the dielectric material chosen for the interdigital design was Rogers €r

= 6.15 PTFE Duroid.

Insertion Loss dB vs. Substrate ThIckness mm7,..-__...;..;..;....;;..;;~..:;..;..;...":::....::..;:....::..;l...:,;.,;:;;...<,,,...;..;;;..;....;;;...;;;;=.;;;..;;.;..;;;;.;;..;;;.....;;..;...;...:;..;.~;;...;;...;;:...>.;;..;......;..;..L_.,

4.64.0

5)

1.61.0
0+r-T-r-r"""r",..,..,...,'"T",..,...,......,...,..,...,....r-r-,..,...,....r-r,..,."T"'r-rT"T"'T"1r-r.,...,.-r-,..,..,..,-r-~

0.6

E
li"

sf
insloss vs thick TMM4 .sf

Insloss ...~ lh1Ck)f043SOB sl

spacing vs. thickness0.8 ,..- -.,

M-t---;---t---f---f-'7"

02

line Width vs. thickness25 ,..-- ---,

20

sf
sl
sf

51
t

51

Figure 2.3.5: Predicted results of insertion loss vs. dielectric thickness

The layout and the simulated versus measured s-parameters of the 5th order

stripline interdigital bandpass filter are shown in Figure 2.3.6 and Figure 2.3.7,

respectively.
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Figure 2.3.6: Physical layout ofthe interdigitalfilter
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Figure 2.3.7a: Simulated (red) versus measured (blue) s-parameter results
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Figure 2.3.7b: Measured results of interdigital BPF passband response

· ~

: ,..

: ": I: 1\ -
: V ~

~
1 \

!"

· "- J......

· lJ "
~

: .I ~

· 111 /
~

~·
: ~

:
:
: , ,-80
0.1

-70

-10

-60

o

-20

--
~ -40
en
CD
'U -50

The larger bandwidth and dip in the passband are due to imperfections in the

fabrication of the stripline filter. An ideal stripline circuit is made of two pieces of duroid

squeezed perfectly together. The inside of each piece of Duroid is etched with the circuit

pattern, and the opposite side serves as the ground plane in Figure 2.3.8a. The stripline

filter was fabricated by etching away the inner ground plane on Duroid A and etching the

circuit pattern on the inside of Duroid B. The filter was squeezed together using 6 screws

at the edges of the filter shown in Figure 2.3.8b. Clamps were applied to close up any air

gaps in the center of the circuit. While moving the clamps to different positions on the

filter, the passband changed its bandwidth and amplitude. The research conducted on this

filter indicates that better fabrication techniques would result in lower insertion loss and a

maximally flat passband.
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Figure 2.3.8a: Ideal stripline circuit implementation

• •

Figure 2.3.8b: Screw holes (black circles)

•

2.4 LOW NOISE AMPUFIER

The first stage amplifier is designed primarily to have a low NF, with secondary

considerations being high IP3 and good return loss at the input and output ports of the

amplifier. AD wa u ed for all imulation and cir uit de ign f the LNA. The

tran i tor ch sen for this L A de ign i the gilent TF-34143 p udomorphi high

electron mobility tran i tor (PHEMT) [or it ultra I w F, high IP3 and pre-con trueted

small signal circuit models that work in ADS [5]. The first step in designing the single

tage LNA i to tabilize the transi tor ho n in Figur 2.4.1. The tran i tor tability i

evaluated using input (red) and output (blue) stability circles shown in Figure 2.4.2. The

input stability circles marked in blue show that the transistor is stable when applying an
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input-matching network (IMN) in regions outside of the circles. The output stability

circles marked in red show that the transistor is stable when applying an output-matching

network (OMN) in regions inside of the circles.

R
R3
R-3 kOhm

Term
Term1
Num=1
Z-500hm

.~.

S2P
SNP1

Term
Term2
Num 2
Z=50 Ohm

Figure 2.4.1: Conditionally stable ATF-34143 PHEMT
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Figure 2.4.2: Stability circle analysis

Once the transistor is stabilized, the next step in the LNA design is to add

matching networks at the input and output of the transistor to optimize its NF and IP3

characteristics. The IMN serves to optimize the NF perfonnance and the OMN optimizes

the IP3 perfonnance. The lavender circles in Figure 2.4.2 represent the noise figure

circles. By choosing the suggested point m4, the lowest noise figure of the transistor is

achieved while insuring transistor stability. The green circles represent the power gain

circles, which corresponds to the IP3 perfonnance of the transistor. By choosing point

m5, the highest achievable IP3 of the transistor can be achieved while maintaining

stability in the transistor.
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The lowest simulated NF of the single stage LNA design is 0.41dB compared to

the 0.15dB NF at 4V and 60mA according to the NF versus frequency graph in Figure

2.4.3a from the ATF-34143 datasheet [5]. The highest simulated IF3 of the single stage

LNA design is 29.77dBm at 450MHz, compared to the 31.5dBm at 900 MHz from

Figure 2.4.3b.
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Figure 9. OIP3 and P1dB VB. Ius and
Vus Tuned for NF @ 4 V, 60 mA at
900 MHz. 11,2)
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Figure 2.4.3a: NF perfonnance of ATF- Figure 2.4.3b: IP3 perfonnance of ATF-
34143 [5J 34143 [5J

Both the IMN and OMN are designed using lumped elements. The Land C

elements in the input and output-matching networks circled in orange in Figure 2.4.4

serve a dual purpose as matching networks at microwave frequencies and as DC block

and feed functions at DC.
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Figure 2.4.4: Input and output matching networks circled in orange

The NF versus frequency and IP3 versus Pin simulated responses in lIPADS are

shown in Figure 2.4.5, Table 2.4.1, and Figure 2.4.6, respectively.
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Figure 2.4.5: NF simulation and s-parameters simulation in HPADS
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• freQ (MHz) NF (dB) 8(2,1) (dB)

300 1.119 19.300
310 0.975 20.538
320 0.857 21.598

330 0.782 22.463

340 0.684 23.126
350 0.622 23.594

360 0.571 23.889
370 0.531 24.042

380 0.499 24.083

390 0.474 24.045
400 0.455 23.950
410 0.44 23.820

420 0.429 23.667
430 0.421 23.502
440 0.415 23.332
450 0.412 23.180
460 0.41 22.991
470 0.41 22.826
480 0.411 22.666
490 0.413 22.511

500 0.418 22.363

510 0.419 22.221
520 0.423 22.086

530 0.427 21.956

540 0.431 21.932
550 0.436 21.713

560 0.441 21.599

570 0.448 21.491

580 0.451 21.387

590 0.458 21.287
600 0.481 21.192

Table 2.4.1: Table showing NF and S21 simulation resultsfrom HPADS
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Figure 2.4.6: IP3 vs. Pin simulation in HPADS

The simulated s-parameters of the single stage LNA design were compared to the

measured s-parameters shown in Fig. 2.4.7. The simulated (red dashed) s-parameters

show a mismatch with the measured (blue solid) s-parameters of only 2.24%, 8.08%,

0.56%, 8.54% for SlI, S21, S12, and S22, respectively at 450MHz. Although the design of

the single stage LNA is complete, the input and output return loss is under 20dB. Since

the LNA is cascaded to the BPF and the gain stage in the preamplifier, there is a need for

the input and output return loss in the LNA design to be at least 20dB. The balanced

amplifier topology was chosen to improve the current LNA design.
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Fig. 2.4. 7: Simulated (red) versus measured (blue) ofsingle stage LNA

The input and output return loss is predicted to dramatically improve and the

output IP3 of the LNA will improve by 3dB by using the combined power of two single

stages. The balanced amplifier consists of two single stage amplifiers connected between

two 3dB hybrid couplers in Figure 2.4.8. The results in Figure 2.4.9 and Table 2.4.2

show the addition of the 3dB couplers improve the input and output return loss of the

LNA above 20dB, but increases the overall NF due to the typical insertion loss of 0.35dB

of the couplers [6]. The results in Figure 2.4.10 show the IP3 is increased by 3dBm due

to the hybrid couplers power combination of the two single stage LNA devices.
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Figure 2.4.8: LNA balanced amplifier topology
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fraq 5(2,1)
(MHz) NF (dB) (dB)

300 1.453 18.492
310 1.255 19.790
320 1.092 20.923
330 0.986 21.858
340 0.867 22.590
350 0.779 23.148
360 0.722 23.498
370 0.674 23.704
380 0.644 23.778
390 0.618 23.789
400 0.605 23.696
410 0.597 23.562
420 0.603 23.396
430 0.585 23.268
440 0.583 23.110
450 0.581 22.955
460 0.582 22.802
470 0.583 22.657
480 0.583 22.524
490 0.583 22.378
500 0.604 22.242
510 0.613 22.115
520 0.618 22.003
530 0.618 21.808
540 0.619 21.819
550 0.627 21.717
560 0.635 21.621
570 0.64 21.531
580 0.656 21.422
590 0.691 21.294
600 0.707 21.163

Table 2.4.2: Table showing NF and S2/ simulation results from HPADS
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Figure 2.4.10: Balanced amplifier IP3 vs. Pin Simulation showing improved IP3
performance by 3dB

Finally, Table 2.4.2 lists the proposed specifications for the LNA next to the

predicted specifications simulated in HPADS, and the measured results.

LNA 0.4-0.5 GHz NF(dB) Gain(dB) OIP3(dBm)
Spec Typical 0.90 17.00 34.00

Predicted Min 0.58 22.24 32.08
Max 0.69 23.69 32.68

Measured Min 0.70 18.55 21.01
Max 1.37 20.08 23.24

Table 2.4.3: Comparison ofLNA specifications
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2.5 MEASUREMENT TECHNIQUES

The details of how the NF and IP3 of the preamplifier are measured are discussed

in this section. First, the test setup for the noise figure is discussed. The equipment used

for the NF measurement setup consists of a signal generator, an external attenuator, a

device under test (DDT), a high gain preamplifier, and a spectrum analyzer. The first

step in the NF measurement was to measure the system gain using the setup shown in

Figure 2.5.1. Before turning on the RF power on the signal generator, the setup should be

in the #1 position. Once the connection setup is made, the RF power was turned on and

spectrum analyzer display was set to display a signal with the lowest noise level possible

by means of adjusting the signal generator power level knob, the external attenuator, and

the spectrum analyzer's internal attenuators similar to the drawing shown in Figure 2.5.2.

Next, the RF power was turned off and connected in the #2 setup position. Once

the DDT and preamplifier were properly biased, the RF power was turned on and the

attenuated low power RF signal is sent through the DDT and amplified with a gain Gd

and then sent to the high-gain low-noise preamplifier and amplified with a gain Gp• The

system gain, Gd + Gp, is observed on the spectrum analyzer similar to the drawing shown

in Figure 2.5.3. The Mini Circuits ZKL-IR5 high gain broadband amplifier has a

measured gain of 39.8dB from 1O-1500MHz and a listed datasheet NF value of 3.0dB

used as the preamplifier [7].
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Figure 2.5.1: System gain setup to measure NF

IS......
co

'"o....

I
REF". LEVEL
( -I 8m)

. 1- ,,!MlV
""~ ..,

Figure 2.5.2: System gain setup to position #1 [8J

z:---------+~u

~--------+~r--
o
... --------I--~

Figure 2.5.3: System gain setup to position #2 [8J
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Once the system gain had been measured, the average noise power was measured.

The signal generator and external attenuator were disconnected from the previous setup

and replaced by a termination equal to the input characteristic impedance of the DUT

(50Q) shown in Figure 2.5.4. The internal attenuators in the spectrum analyzer were set

to OdB and the DDT and preamplifiers were set to the appropriate DC bias levels. The

average noise power, No, was read directly from the spectrum analyzer display by

adjusting the video filtering and IF bandwidth settings.

Finally, the NF of the DUT was calculated using Equation 2.5.1, where No is the

average noise power level, Gd is the gain of the DDT, Gp is the preamplifier gain, B is the

spectrum analyzer's IF bandwidth setting, -174dB is the constant kT which is the

Boltzman's constant times room temperature over a 1Hz bandwidth, and the 1.7dB is a

correction factor, which is the sum of bandwidth, log amplifier, and detector correction

[8].

NF dB= No (Gd + Gp) -1010gB + 174dB + 1.7dB (Eqn.2.5.1)

500

DUT I------It"\

Spectrum Analyzer
HP8561B

Figure 2.5.4: Noise power setup to measure NF

The next measurement that will be discussed in this section is how to measure the

IP3 of a DUT. The IP3 of a device indicates how much two signals that are very similar

in frequency may be distorted from the DUT. The IP3 measurement setup consists of
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sending two identical RF carrier tones that are spaced 2 MHz apart from each other,

centered on the frequency under test, and measuring the amplitude of the third-order

carriers on the spectrum analyzer shown in Figure 2.5.5.
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HP8350B

451 MHz

tt n D
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_" It. I
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RF Cem rator 2
HP83660L

Figure 2.5.5: Setup to measure IP3
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Figure 2.5.6: Spectrum analyzer readout for measuring IP3 [8]

The relative suppression S to from the first to the third-order carriers and the

power level, P, of the first-order carrier tones were then observed on the spectrum

analyzer similar to the drawing in Figure 2.5.6. The level at which the power of one of

the DUT's third-order intermodulation (1M) product equals that of the DDT's linear
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output is a figure of merit known as the third-order intermodulation intercept point (IP3)

shown in Figure 2.5.7. The IP3 is calculated from Equation 2.5.2, where S is the relative

suppression from the two input carriers in dB and P is the power level of the carrier tones

in dBm [8].

S
IP3(dBm) =- +P

2
(Eqn.2.5.2)

The dynamic range (DR), which is a figure of merit to describe the linear

performance of the DUT, can be calculated from the IP3. In general, as IP3 increases the

DR increases, and a DUT with a high IP3 has a high linear performance.
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2.6 HIGH LINEARITY GAIN STAGE

The second-stage amplifier is designed primarily for high IP3 performance. The

NF specification is the second parameter of importance in the amplifier. The Watkins-

Johnson AHI amplifier is used in an application circuit shown in Figure 2.6.1 for this

design. The microstrip transmission line dimensions on the application circuit are

converted from FR4 dielectric to Rogers Er = 6.15 dielectric. The predicted versus

measured results are shown on Table 2.6.1.

200 mil. .. C= 56 pF

Z= 50 ohm I-----.---l~ RF OUT

DC 5V

z~ 50 ohm t---t-I

100 mil
.. ..

RflN

C- 56pFI

Figure 2.6.1: AHl application circuit

Stage2 0.4-0.5 GHz NF(dB) Gain(dB) OIP3(dBm)
Spec Typical 3.00 11.00 37.00

Predicted Typical 2.70 14.70 40.00
Measured Min 2.36 14.20 36.00

Max 3.04 14.27 36.00

Table 2.6.1: Comparison ofGain stage amplifier Specifications
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2.7 OVERALL SYSTEM

The overall measured s-parameters of the system are compared to the simulated s-

parameters in ADS in Figures 2.7.1a and 2.7.1b, respectively. Table 2.7.1 compares the

proposed specifications for the MRFOI with the simulated and measured results.
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Figure 2.7.1a: Simulated s-parameters ofoverall system
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Figure 2.7.1b: Measured s-parameters ofoverall system

Preamp 0.4-0.5 GHz NF(dB) Gain(dB) OIP3(dBm)
Spec Typical 2.97 26 36.36

Predicted Typical 3.54 34.62 39.17
Measured Min 3.70 29.37 29.5
Measured Max 4.86 32.74 30.6

Table 2.7.1: Comparison ofthe MRF01 specifications

The proposed specifications for the MRF01 have been presented in addition to

design details for each component in the preamplifier and measured results.

Summarizing the results listed in Table 2.7.1, the gain requirement has been exceeded by
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25.9%, but the overall system falls short by 63.6% and 18.9% in the NF and IP3

requirements, respectively. Conclusions presented in section 2.3 points out that the NF of

the preamplifier will improve if the BPF fabrication techniques are improved. The IP3

specification is much more difficult to meet, since small changes in bias current levels of

the ATF-34143 seem to greatly affect the IP3 of the device and the overall system.

2.8 MIT LINCOLN LABORATORIES PREAMPLIFIER

After a critical design review and approval of the UH prototype preamplifier in

January 2001, the prototype was delivered to MIT/LL. Over the next few months, the

manufacturing and testing of 96 preamplifiers were completed by MIT/LL. This section

highlights the performance characteristics of the MIT/LL MRF01, while briefly

comparing some of these characteristics with the MRF99 preamplifiers.

The measured gain profiles for both the fabricated UH prototype in Figure 2.7.1b

and compared to the MIT/LL preamplifiers in Figure 2.8.1 is different by only 2.7% at

450MHz. The NF of the MIT/LL preamplifiers is higher than that of the UH prototype

because the gain stages of each are different. The UH prototype uses the Watkins

Johnson AHI amplifier (NF=2.7dB at 500MHz) for the gain stage, whereas the MIT/LL

preamplifier uses the Sirenza Microdevices SNA-686 amplifier (NF=7.2dB at 500MHz)

[9]-[10].
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Figure 2.8.1: Measured results from the preamplifier made by M1T Lincoln Laboratories

Figure 2.8.2 shows the multi-layered preamplifier fabricated by MIT Lincoln

Laboratories. The multi-layered structure allows the surface mount circuitry for the TIR

switch, LNA, and gain stage to rest on top of the stripline interdigital filter to minimize

space. The 4 x 1 1,4 X Y2 inch MRFO1 preamplifier shown in Figure 2.6.2 achieves the

goal of being much smaller than the 3 5/8 x 2 % x linch MRF99 preamplifier system

shown in Figure 2.8.3a and Figure 2.8.3b. The MRF99 layout, indicates that most of the

circuit size is due to the power combining circuitry in Figure 2.8.3b, which is not present

in the MRFOl.
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Figure 2.8.2: Layout ofMRFOl Preamlpifier

Figure 2.8.3a: Top view layout ofMRF99 preamplifier
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Figure 2.8.3b: Bottom view layout ofMRF99 preamplifier

The other main goal for the preamplifier topology is for it to be easily

reproducible requiring minimal tuning. The lumped element BPF of the MRF99 circuit

shown in Figure 2.8.3a requires constant tuning to achieve identical preamplifier

performance for the linear array. The reproducibility of the preamplifier is beneficial for

the construction of a 96-element amplifier linear array. Part of the array constructed by

MIT Lincoln Laboratories is shown in Figure 2.8.4. The measured data taken from all 96

preamplifiers fabricated and tested at MIT Lincoln Laboratories is shown in Figures 2.8.5

and 2.8.6. The histograms show that the preamplifier gain and NF performance is very

reproducible. The key device that was chosen so that the preamplifier can be

reproducible is the bandpass filter. The fact that the stripline interdigital topology is easy

to manufacture, while requiring very little tuning, ensures that the performance
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parameters of the 96 preamplifiers fabricated have a standard deviations of O.21dB and

O.16dB for NF and gain, respectively, which is acceptable for this application.

Figure 2.8.4: 12-element preamplifier section ofthe 98-element linear array
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Figure 2.8.5: Histogram ofthe number ofpreamplifiers vs. gain performance
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2.9 CONCLUSION

The preamplifier project designed by the University of Hawaii, and built by

MIT/LL can be summarized as successful. Although the design specifications that did

not meet the initial goals deemed acceptable by MIT/LL, there is room for improvement

in the preamplifier design. Obvious ways to improve upon the IP3, isolation, and NF

parameters of the overall system are to choose new components for the TIR switch and

gain stage sections of the preamplifier. Altering the bandpass filter topology, however,

could greatly affect some key aspects of the preamplifier.

A couple of bandpass filter topologies that are similar to the interdigital filter

topology show potential improvements in NF, manufacturability, or overall circuit size.

The tapped-line interdigital filter topology that closely resembles the interdigital topology

can improve the NF and manufacturability of the bandpass filter circuit shown in Figure

2.9.1 [11]. The input and output ports of the filter are moved to the sides and the input

and output resonators are removed from the filter, making each /.../4 wave resonator wider.

The thicker transmission lines allow for easier manufacturing and a lower insertion loss.

The circuit sizes of the tapped-line filter compared to the standard interdigital filter are

relatively the same.
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Figure 2.9.1: Layout oftapped interdigital BPF design by Ping Li [IIJ

The tapped-line combline interdigital filter topology consists of IJ8 wavelength

resonators connected to lumped capacitors at one end and the other to ground shown in

Figure 2.9.2. Using this' topology for the BPF reduces the overall circuit size by Y2 the

interdigital filter print size. The measured results are shown in Figure 2.9.3 show that the

insertion loss of the combline filter is O.22dB lower than the interdigital filter at 450MHz.

External Capacitors

Rogers 6006 (Er=6.15)

AiB resonator

RFport2

48-56 mil Line Thickness

Figure 2.9.2a: Top view layout oftapped line combline bandpass filter
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3.1 INTRODUCTION

The University of Hawaii's CubeSat program, now in its first year, is the largest

project ever undertaken by a multidisciplinary group of engineering students in the

university's history, with over 50 students and nine faculty advisors. Furthermore, all of

the engineering fields at the University of Hawaii are represented on its CubeSat team.

Electrical engineers are designing, fabricating, and testing the necessary electronic

subsystems of the satellite. Mechanical engineers are simulating the thermal conditions

the CubeSat will experience, as well as analyzing and testing structural components.

Civil engineers are involved; they are in charge of the design and construction of the

ground-station antenna structure. My role in the UH CubeSat project as the Tracking,

Telemetry, Command (TIC) team leader was to offer technical advice, coordinate

meetings with the 16 students shown in Figure 3.1.2, write progress reports, update the

TIC website, and attend team leader meetings on a weekly basis.

The main objective of the TIC team is to build the communication link between

the satellite and the ground station on the roof of Holmes Hall at the University of

Hawaii. The TIC team is split into 4 groups: the Satellite, Antenna, Ground Station, and

Active Antenna group. The antenna group is in charge of the design and construction of

the UHF antenna on the cube satellite. The ground station group is in charge of

assembling the antenna on the Earth and tracking the cube satellite. The satellite group is

in charge of the design of transceiver circuitry and its integration into the cube satellite.
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Figure 3. J.J: University qfBawaii Cubesat project organizational chart
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Figure 3.1.2: Tracking, Telemetry, and Command team organizational chart

3.2 SATELLITE GROUP

The satellite group is responsible for the design and integration of the

communication circuitry inside of the cube satellite. The transceiver system in the

satellite consists of a handheld transceiver, "keep it simple, stupid" terminal node

controller (KISS TNC), and a CPU chip shown in Figure 3.2.1a and Figure 3.2.1b.

ae~u TN CPU

Figure 3.2.1a: Block diagram ofsatellite system

54



Figure 3.2.1b: Picture diagram ofeach component in satellite system

The Rabbit chip, which acts as the CPU of the cube, sends digital data through the KISS

TNC. The TNC packets the digital data into analog bursts at two alternating frequencies

for amplitude frequency shift keying (AFSK) roughly 5 to 10 seconds in length using the

AX.25 amateur radio protocol. The modulated analog signals are then sent to the

handheld transceiver that amplifies these analog packets and the amplified packets are

finally sent to the custom built UHF antenna of the cube.

The TNC of the satellite transceiver system is analogous to a modem on a PC.

Data packets from the CPU are organized and sent wirelessly to another CPU using a

determined protocol. The average TNC can be fairly large, bulky, and consume large

amounts of power for satellite type applications. The KISS TNC lives up to its name in

containing only four ICs in its original design by John Hansen [1]. The power

consumption is very low and tested to be only 5V required for all ICs and a current draw

of not more than 20mA under full packet operation.

The Yaesu VX-IR handheld transceiver serves to boost the transmitted and

received analog signal from the cube satellite and ground station. The VX-IR operated at

5V and had a measured current draw of 378.6mA, 119.5mA, 74.8mA when in transmit,
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receive, and standby modes of operation, respectively. The VX-IR contains input ports

that interface with the KISS TNC via the TX (transmit), RX (receive), PTT (press to

talk), and ground wires. VX-IR acknowledges when information from the TNC is being

transmitted, which helps to conserve the power in the satellite. The VX-IR also has a

built-in squelch mode that can further conserve the power by selectively choosing which

received signals above a certain decibel range to amplify. The VX-IR will only be in

transmit mode if signaled by the TNC, receive mode if a signal above the squelch level is

recei ved from Earth, and will remain in standby mode otherwise. The antenna port of the

VX-IR is a convenient 3.5mm connector interface, where 50n coaxial cabling can be

connected to feed to the custom antenna on the satellite.

3.3 ANTENNA GROUP

The antenna group is in charge of the design and construction of the antenna on

the cube satellite. For simplicity of design, one antenna will both transmit and receive on

the 70cm UHF band. Because the cube satellite's orientation in space cannot be

controlled, the main objective of the antenna design is for it to be omni directional. Other

goals for the antenna design is to build it to tolerate the space testing at California

Polytechnic State University, and allow the antenna to automatically deploy once

launched out in space.

The antenna is made with two monopoles on different faces of the cube shown in

Figure 3.3.1. A single monopole will create dipole antenna pattern with two nulls

directly above and below the antenna. The second monopole will be oriented on the cube

face that is perpendicular to the first monopole to fill in the nulls from the first monopole.
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The result of the dual monopole structure will give a nearly isotropic pattern. Each

monopole is secured to the face from a wedge clamp on the inside of the cube satellite.

The received and transmitted signals on each monopole are obtained from the Yaesu VX-

IR transceiver split to a 3.5mm connector on each of the monopoles. Before launch, the

antenna wire will be wrapped around the outer walls of the cube. Fishing wire will hold

the antenna securely to the face of the cube, until a burst of current will melt the line

causing the antenna to deploy. Measuring tape is used for antenna wire so that the

antenna will spring back to its original alignment perpendicular to the cube face after

deployment.

.-

/
2-monopole
anteIUlas

Figure 3.3.1: Dual monopole antennas constructed with measuring tape

3.4 GROUND STATION GROUP

The ground station group is responsible for the construction of the ground antenna

and the positional tracking of the cube satellite in space. Even though the UH cube

satellite will be transmitting at only the 70cm band, for future satellite missions and
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collaborations with other universities, a UHF and VHF antenna were purchased and

assembled. The ground station antenna will be a standard OSCAR setup. The two

assembled antennas are placed on a rotator and will be mounted on a support structure

designed and built by the civil engineering students at UH. The rotator is interfaced with

Nova Tracking software on a Windows based PC platform via an external control box.

The rotator box combined with the tracking software are capable of finding the position

of objects in space based upon their Keplerian elements and tracking the object during its

geometrically calculated window of communication in real-time. The entire ground

station system is shown in Figures 3.4.1a and 3.4.1b.

p T
Gr und

tation

Figure 3.4.1a: Block diagram ofground station system
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Figure 3.4.1b: Picture diagram ofground station system components

3.5 ACTIVE ANTENNA GROUP

The active antenna group is responsible for designing and fabricating an antenna

comprised of transistors (active elements) set up in a grid configuration on one face of the
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cube satellite shown in Figure 3.5.1. The active antenna is currently under construction

and will be designed to operate at 5.85 GHz. An AM signal will be transmitted by

switching on and off the voltage regulators that bias the transistors of the antenna. Using

BIT based transistors, the DC drain bias voltage will be switched on and off to modulate

the active antenna while the gate voltage stays fixed.

Grid Oscillator

Figure 3.5.1: The active antenna set to operate at 5.85 GHz

The metal grid of the active antenna serves as the DC bias distribution circuit, RF

embedding circuit, and radiating structure [2]. The metal grid is printed on a dielectric

substrate that is backed by a metal mirror. The horizontal leads of the metal grating serve

as the DC bias lines, and the vertical lead serve as antennas. When DC bias is applied,

oscillation is triggered by noise and each transistor device oscillates at slightly different

frequencies. Noncoherent waves oscillate away from the grid, and then reflect off the

mirror, and injection lock with the oscillating devices. At the onset of oscillation,

different modes of the cavity oscillate with the mode having the lowest diffraction, most
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likely being the dominant frequency. After a few round trips, the higher order modes

lose power due to diffraction, resulting in a single frequency, self-locked, coherent

oscillation. The output power and quality factor is also improved, as the grid of

oscillators mode-locks to one frequency.

The active antenna will be constructed by mounting a block of dielectric material

cut to a specific area and thickness onto the top face of the cube satellite using epoxy.

The transistor and biasing wires will be soldered onto the top etched face of the dielectric

material. The cube satellite's aluminum surface will serve as the ground plane of the

circuit.

3.6 GRID OSCILLATOR PATTERN PREDICTION THEORY

Since there is no attitude control built into the cube satellite, the orientation of the

active antenna on the satellite will be unknown. The radiation pattern of the active

antenna must be known in order to calculate the window of time that a high frequency

communications link can be established. First, the general equations for establishing the

radiation pattern of an antenna will be presented. Next, two models that approximate the

active antenna radiation pattern are proposed. The first model is a rectangular aperture in

free space spaced away from a mirror, and the second model (used by [3]-[5]) is a dipole

array in free space spaced away from a mirror.

60



z

y

x

Figure 3.6.1a: Geometrical arrangement ofHertzian dipole and its associated electric
field components on a spherical surface

The E-plane and H-plane are two principal field planes that are used in

characterizing the radiation pattern of an antenna. For the vertically aligned antenna

parallel to the x-z plane shown in Figure 3.6.1a, the E-plane (f/J =0) is the vertical plane

of the radiation pattern, and the H-plane (B =7[ / 2) is the horizontal plane of the

radiation pattern. For a horizontally oriented antenna aligned parallel to the x-y plane

shown in Figure 3.6.1b, the E-plane (f/J =7[ /2) is the x-z plane of the radiation pattern,

and the H-plane (f/J =0) is the y-z plane of the radiation pattern. Both the rectangular

aperture and dipole array models proposed in this section contain antenna elements that

are oriented horizontally on the x-y plane.
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Figure 3.6.1b: Horizontally oriented Hertzian dipole

The general procedure for detennining the radiation pattern is to find the electric

field Eor magnetic field 11 generated by an electric current source Yor a magnetic

current source M. The procedure requires that the auxiliary potential functions Xand

F are generated based upon finding Yand Mfirst. The general vector potential

functions are listed in Equation 3.6.1a and 3.6.1b, assuming the source is placed on the

origin. These potential functions are first then converted from rectangular to spherical

coordinates before being used to find the electric and magnetic fields.

P j.l P e- jlcr

A(x, y, z) =- I I IJ(x, y, z)-dxdydz
4n v r

PeR e-jlcr

F(x, y, z) = - I I IM(x, y, z)-.-dxdydz
4n v r

[6]

[6]

(Eqn.3.6.1a)

(Eqn.3.6.1b)

For satellite based antenna applications, the far-field approximation for finding

the Eand 11 fields, which assumes the source is at the origin, is appropriate to use. The
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far-field approximations are listed in spherical coordinates in Equation 3.6.2a-d, where OJ

is the angular frequency and T) is the characteristic impedance of free space.

Er =0

E8 =-jmA8

E; =-jmA;

Hr=O

. E~
H 0 =+JmA~ =-

71
. Eo

H; =-]wAo =+-
1]

Hr=O

H 8 =-jmF8

H; =-jmF;

Er =0

E8 =-jOJ11F; = +T/H;

E; =+jOJ11F8 = -H8

[6]

[6]

[6]

[6]

(Eqn. 3.6.2a)

(Eqn. 3.6.2b)

(Eqn.3.6.2c)

(Eqn. 3.6.2d)

Since only the vertical lines of the grid oscillator act as antennas, with the current in

each line flowing in the same direction, on a very large grid the vertical lines would look

compressed into an infinite sheet of current resembling an aperture. First, the grid is

modeled as a rectangular aperture cut inside a ground plane. Only the magnetic source
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Ms described in tenns of Eo in Equation 3.6.3 is present in figure 3.6.2 because the

electric current is shorted to the ground plane.

P _{-2iixBtJP<'rture =-2a Z xa yEo =+a.(2£0
M,.-

o elsewhere

-a/2-5:x-5:a/2

- b /2 -5: Y -5: b /2 [6] (Eqn.3.6.3)

Therefore, the only potential function that can be solved is Equation 3.6.4, since Mis a

2-dimensional current sheet.

P e b/2 a/2 R e- jkr

FtJP<'rture = - J JM s - dxdy
4n =b/2-a/2 r

(Eqn.3.6.4)

The far-field Eand J1 fields of the rectangular apertures, listed in Equation 3.6.5a and

3.6.5b, respectively, can then be solved and used to for the radiation pattern by setting

2n
(J =n / 2for the E-plane and (J =0 for the H-plane, where k =J .

E-plane (~ =1fI2):

E = jabkEo e- jkr

8 21tr

. (kb . 8)m-m
2

kb . e-sm
2
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H-plane (~ =0):

E, = Eo = 0

. (ka . 8
10 - In

E = jabkEo e- jkr co () __2'---__
¢I 2m ka

in ()
2

z

[6] (Eqn.3.6.5b)

Figure 3.6.2: Geometric representation ofa rectangular aperture on a ground plane

Next, the grid oscillator was modeled as a rectangular aperture in free space.

Now, the aperture contains both an electric and magnetic source. Using the same

procedure, both potential functions are solved and the resulting E and H planes listed in

Equations 3.6.6a and 3.6.6b are found.
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E-plane (q> = 7rl2):

Er =E; =0

. (kb . fJ)
jabkE . sm-sm

E = 0 e-Jkr (1 +cosfJ) 2 [6] (Eqn.3.6.6a)
o 4nr kb . fJ-sm

2

H-plane (q> = 0):

Er = Eo = 0

. (ka . e
E jabkEo - jkr (1 fJ)

sm-sm
2 [6] (Eqn.3.6.6b); = e +cos

4nr ka . fJ-sm
2

Z
...

k-b ::r

Figure 3.6.3: Geometric representation ofa rectangular aperture in freespace

Finally, the rectangular aperture is spaced away from an infinite ground plane.

The E-field of this model is fonned from the image method shown in Figure 3.6.4. The

final expression for the gain pattern of a grid oscillator modeled as a rectangular aperture

in free space spaced from an infinite ground plane is the sum of the direct E-field of the
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rectangular aperture and the reflected image (R =-1) of the aperture beneath the ground

plane.

(Eqn.3.6.7)

where

and

1j =.Jr 2 + h2
- 2rhcosO ::: r - hcosO

r2 =~r 2 + h2
- 2rhcos(n - 0) ::: r + hcos 0

E-plane (ep =1tI2):

J'abkE. sin( kb in B) (Eq 3 6 8
Eo = 0 e-Jkr(1+co B) _---'-'2 [e-1k(r-ltcosO) _e-jkcr+/rcos8)] n... a

4nr kb in B
2

H-plane (cj) =0):

. (ka . ())
SIn- ill

E - jabkEo -jkrCl (}) 2 [ -jk(r-hco 8) -jk(r+hco 0)]
¢ - 4nr e +CO -~~-- e -e

ka in ()
2

(Eqn.3.6.8b)
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z..

y

Figure 3.6.4: Geometric representation ofrectangular aperture over a ground plane

A second approximation for the radiation pattern of a grid oscillator is by

modeling the grid oscillator as an array of Hertzian dipoles. A transistor that is oriented

with the vertical lines on the grid represents each dipole. First, the radiation pattern of a

single element in the array must be known. The E-field of a Hertzian dipole antenna

vertical on the x-z plane in Figure 3.6.1a contains an electric current Y. =ilJo' As a

result the potential function F is zero and X is represented as a line integral given in

Equation 3.6.9. The far-field expression for the E-field is given in Equation 3.6.10.

1/1 1/2 1/1 1
A( ) = ~ _1'"_0 - jkr fd _~ _1'"_0_ - jkrx,y,Z a1. e z-a z e

4m -1/2 4m

68

[6} (Eqn.3.6.9)



E - jTJkIol -jt, . 8
8 = e sm

4nr

E, =E~ =0

[6] (Eqn.3.6.1O)

To describe the radiation pattern of a dipole array pattern for the grid oscillator, a

dipole oriented horizontally on the x-y plane is needed. Similar to the vertical dipole

expression, the far-field expression for the E-field is:

EF E
j1]k/a! -jkr •

= ; = e smV'
4m

[6] (Eqn.3.6.11)

In calculating an array of dipoles, the array factor must be specified from Figure

3.6.5. For a rectangular grid array of dipoles, the array factor is given as

1 sin(M _'lfI_x ) 1 in N lfIy )
AF = {_ 2 }{ -=.2_}

M inCV'.f) N in(lfIy)
2 2

[6] (Eqn.3.6.8)

where
'IIx = /cd:t sin 8 cos;+ Px

'IIy = /cdy sin 8cos;+ Py
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Figure 3.6.5: Geometric representation ofan M by N grid array

The gain pattern of a Hertzian dipole array in free space is

[6] (Eqn.3.6.9)

Finally, the dipole array is spaced away from an infinite ground plane. This expression

of the gain pattern of the grid oscillator modeled as a dipole array in free space over an

infinite ground plane is
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The methods to approximate the gain pattern of grid oscillators were then

compared to a previously fabricated and tested 4x4 grid oscillator. The grid oscillator is

fabricated etching the metal lines on a 0.254-mm-thick Rogers Duroid with er = 10.2 and

inserted a 12.70mm thick Eccostock HiK (er = 10.2) tuning block between the Duroid and

the mirror. The unit cell size for the 4x4 grid oscillator is lOx12 mm and the oscillation

frequency is 4.12 GHz.

For the rectangular aperture approximation method, the aperture size of the 4x4

grid is 40x48 mm based on the unit cell size. The propagation coefficient k is obtained

from the oscillation frequency 4.12 GHz. The normalized electric field Eo =1 VIm, and

the far field test point is taken at r =100 meters.

For the Hertzian dipole array approximation method, the spacing between each

dipole in the x-direction is lOmm, and the spacing between each dipole in the y-direction

is 12mm. M =N =4 for the array factor. The propagation coefficient is obtained from

the oscillation frequency 4.12 GHz. The normalized current 10 =lA, and the far field test

point is taken at r = 100 meters.

First, the spacing used between the grid and the mirror for calculating the

radiation patterns is the effective spacing, heff. The spacing between the grid and the

mirror in freespace, h, is the total thickness of the duroid and Eccostock spacer given by

h =12.95mm. The effective spacing, heff, is given by the expression heff =h..j£;. The

calculated radiation pattern using the effective spacing is taken into consideration due to

the fact that the radiated power from the grid absorbed by the duroid and Eccostock

• 312
spacer IS Cr •
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The comparison between the rectangular aperture spaced away from a mirror

model, dipole array spaced away from a mirror model, and measured data taken from [2]

of the E-plane field pattern is plotted in Figure 3.6.6a. The blue dotted line indicates the

rectangular aperture approximation, the red dotted line indicates the dipole array

approximation, and the black line represents the measured data. The effective spacing

used between the grid and the mirror is 41.37mm. The average mismatch in power

between the dipole array model and the measured grid over the span of -60 to 60 degrees

is 5.61dB, and the mismatch between the rectangular aperture model and the measured

grid is 4.40dB for the E-plane. The H-plane pattern comparison in Figure 3.6.6b shows

an average mismatch of 8.52dB for the dipole array model and a mismatch of 6.42dB for

the rectangular aperture model over the span of -60 to 60 degrees. The high side lobes in

both the E-plane and H-plane simulations show there is little agreement with the

simulated and measured radiation patterns.
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Figure 3.6.6a: E-plane grid oscillator pattern comparison. (Blue =rectangular aperture,
red =dipole array, black =measured grid oscillator)
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Figure 3.6.6b: H-plane grid oscillator pattern comparison. (Blue = rectangular aperture,
red =dipole array, black =measured grid oscillator)

For the second simulation experiment, the spacing between the grid and mirror is

changed to the freespace distance, h. The E-plane comparison between the dipole array.

rectangular aperture, and measured data is shown in Figure 3.6.7a. There are no side

lobes present from the span of -60 to 60 degrees and the average mismatch between the

dipole array and measurement has dropped to 1.32dB. The mismatch between the

rectangular array and measurement is 3.07dB. The H-plane pattern comparison in Figure

3.6.7b shows an average mismatch of 4.31dB for the dipole array model and a mismatch

of 5.81dB for the rectangular aperture model over the span of -60 to 60 degrees. The

absence of side lobes in the simulated span shows an improved agreement between the

simulated models and measured data versus the previous experiment using the effective

spacing, heff.
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Figure 3.6.7a: E-plane grid oscillator pattern comparison. (Blue = rectangular aperture,
red =dipole array, black =measured grid oscillator)
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Moving the mirror /I. = 36.41mm away from the grid shows an expected null at
2

the center lobe shown in Figure 3.6.8. Research results show better agreement between

simulation and measurement using the physical spacing, h, rather than using the effective

spacing. Research results also suggest that the dipole array is a better model for the

characterizing the radiation pattern for the 4x4 grid oscillator. The rectangular aperture

model, however, may better characterize the radiation pattern of larger grid oscillators, as

the model approximates that there are an infinite number of lines of current flowing on a

grid.
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3.7 CONCLUSION

Overall, the Hertzian dipole array spaced away from a ground plane is a relatively

accurate and simple way of predicting the antenna pattern of a grid oscillator. One

change in the prediction model would be to make the ground plane a finite sized ground

plane that is the exact dimensions of the dipole array instead of an infinite ground plane.

Another change to make the preqiction model more accurate would be to take into

account the antenna propagation effects due to the substrates of the grid. Instead of

assuming that the signal radiates in freespace to the mirror, we should calculate the

effects of the antenna signal traveling through the duroid and Eccostock HiK tuning

block [7]. This would cause bending of the antenna signal traveling towards the mirror,

and the modes to add up differently as they propagate outward toward the earth from

space.
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