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Microwave Technology Development
Under INTELSAT R&D — a Review

g
-
]
K. Betaharon and P. De Santis
- INTELSAT

~ Introduction
INTELSAT has been active in
m satellite technologies for more
than ten years. Recently a survey
paper' on the major technologi-
cal achievements of INTELSAT
R&D has been published cover-
_ ing satellite digital communica-
tions, intersatellite links, antennas,
. transponders, and spacecraft tech-
nologies. The reader is referred to
this paper for a proper perspec-
tive of INTELSAT R&D including
, some aspects of microwave R&D
presented here.

The present paper reviews the
most recent advances in micro-
wave R&D, both in-house and ata
. large number of organizations
worldwide under INTELSAT spon-
sorship. Fifteen Development Pro-
jects (DP) and five Exploratory
. Research and Studies (ER&S) are

currently in progress within the
» microwave R&D area. These offer

a complete picture of the micro-
“ wave technologies being de-

veloped for future generations of

INTELSAT satellites.

In the next four sections we
shall illustrate the microwave
hardware developed to imple-

-y

ment the RF signal functions, such
as on-board regeneration, micro-
wave switching, linearization of
power amplifiers, and solid-state
power amplifiers. In the next two
sections, we shall deal with the
impact of state-of-the-art tech-
nologies, such as GaAs monoli-
thic MIC’s and dielectric resona-
tor MIC’s, on traditional microwave
subsytems. In the last section,
practical implementation of the
Intersatellite Link microwave sub-
sytems will be described.

On-Board Regeneration

In future satellite communica-
tions systems, a higher efficiency
will be achieved by sophisticated
on-board signal processing tech-
niques involving demodulation of
the incoming signal to baseband,
subsequent signal routing, and
remodulation. This process, in
general, is referred to as on-board
regeneration.

A number of INTELSAT R&D
projects have already contributed
toward the development of the
hardware technologies necessary
to implement on-board regenera-
tion. Asearlyas 1979 a6 GHz, 120
Mbit/s DQPSK (differential) de-
modulator with an associated
baseband regenerator was deve-
loped and delivered successfully
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Fig. 1 On-board regenerative repeater

(*) Contract Intel-139 (Matra-Intertechnique, France).
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by NEC (Japan) under INTELSAT
contract 1S-894 .2

More recently, attention has
been devoted by INTELSAT to
the problems associated with the
fabrication of on-board regenera-
tive repeaters compatible with
TDMA operation using CQPSK
(coherent) demodulation tech-
niques under a contract with
MATRA—INTERTECHNIQUE
(France). The repeater consists of
a CQPSK demodulator followed
by a pulse regeneration circuit
together with a QPSK modulator
(Figure 1) operating at 4 GHz with
a120 Mbit/srate. Table | summar-
izes the electrical specifications
of the modem. From this table the
reader can appreciate that a
number of critical RF components,
e.g. the spectrum shaping filters
and the AFC loop, must be deve-
loped for this modem. One of the
main goals of this contract is the
improvement of present technol-
ogies to reduce the mass and
power requirements of on-board
modems.

On-Bourd Switching

In 1986, when INTELSAT VI will
be operational, for the firsttime in
the history of INTELSAT a satel-
lite will use on-board dynamic
switching to interconnect signals
from and to different earth sta-
tions. The on-board switching
center will operate in the Satellite
Switched Time Division Multiple
Access (SS—TDMA) mode, and
will switch QPSK modulated mic-
rowave beams at the uniform rate
of 120 Mbit/s.

Many switching elements are
needed on-board INTELSAT satel-
lites. They belong to three cate-

[Continued on page 44]
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ower gories: redundancy, static, and a. Redundancy Switches guaran- __
dynamic switches. The prime tee operation continuity in the

=] function of each category usually presence of failures. They re-
spllner/ determines the speed, size, power quire a very reliable technol-
consumption, and as a conse- ogy in order to operate at any
- quence, the technology of each time upon request during the

switch. These categories of life of the spacecraft.
I s switches have been, and are, the p_ static Switches are, for most
SUbjeCt of R&D activities at cases, in a matrix Configura_
4 wuy 00 INTELSAT. tion and are usually formed by
acombination of switches listed
T _— under (a) above to provide
> oo interconnection capability be-

tween different receive and
transmit beams. They are nor-
mally switched in orbit when-
ever general traffic patterns
change and remain unswitched
(latched) for long periods of
time.

c. Dynamic Switches are normally
'IO 'I'o 500 MHZ Fig. 2 Engineering model “T" switch in a matrix configuration and
(Contract 1S-998). provide continuous intercon-
95 nection capability between re-

only $7495 ...,

AVAILABLE IN STOCK FOR A, TARE
IMMEDIATE DELIVERY PERFORMANCE OBJE VES OF ON-BOARD MICROWAVE MODEM
(Intelsat Contract Intel-139) i
DEMODULATOR (CQPSK TYPE)
Weis I/PIRVOL o o S T s TN o e R S o 0 to -15 dBn) 4|
3 rUgged 1% in. 5G. case CONOIFIOQUONCY .« . i oo s Sv ais o lshelw s Reratotelin la ¥ 3950 MHz
e BNC, TNC, or SMA connectors Carrier Drift Handling Capability ............... 0 to + 80 kHz Max. e
* : Datairate L - LR L G G IR R 120 Mbps
¢ l[ow insertion loss, 0.6 dB Blititio-biset
i ; Frequency difference .................... 0 to 12 kHz max.
* hiisolation, 23 dB Power difference ................. RO 5dB max.
Clock SHABHIY - 5 o s e +1x10°
ZFSC 4-1W SPECIFICATIONS MODULATOR (QPSK TYPE)
i Input:Signal (datl) =, - .S Jan v sty . Two simultaneous bit streams
Y.
FREQURNIGY, (Mblzf 10500 DRERRAEE. L v e e 60 Mbps/bit stream
INSERTION LOSS, dB TYP.  MAX. CUIREIRIINGY. .. . i 2 s s S SRR 3950 MHz
(above 6 dB) 06 15 Carrier Stability ........... e AR 1x107
10-500 MHz
Symbol to symbol
AMPLITUDE UNBAL., dB 01 02 Phase Accuracy ........... veeees.......Betterthan + 2°
PHASE UNBAL. 1.0 4.0 Ampitude Acerracy .5, . oty Ll Gl ot ) . = 1 dB max. per symbol
(degrees)
ISOLATION, dB TYP. MIN.
(adjacent ports) 29 20
ISOLATION, db 23 20 TABLE Il
(opposite ports)
IMPEDANCE 50 ohms. INTELSAT ON-BOARD SWITCH DEVELOPMENT PROJECTS
SUBJECT CONTRACT YEAR CONTRACTOR
For complete specifications and performance NO.
curves refer to the 1980-1981 Microwaves Product Satellite Switch 1S-466 1972 Intertechnique, France
Data Directory, the Goldbook or EEM. Control Unit
Satellite RF Switch 1S-472 1972 Thomson-CSF, France
For Mini Circuits sales and distributors listing see page 69 LS| Distribution 1S-563 1973 British Aerospace, UK.
finding new ways. .. Control Unit
setting higher standards Matrix Switch 1S-765 1975 Thomson-CSF, France
- " - e
Semi-Static Switch 1S-835 1976 British Aerospace, U.K.
m Mlnl-CI rcu‘ts Controller
A Duvision of Scientific Components Corporation
World's largest manufacturer of Double Balanced Mixers SS-TDMA Reliable INTEL-119 1981 NEC, Japan
2625E. 14th St. B’klyn, N.Y. 11235 (212) 769-0200 Switch Development .
C 83-3 REV. ORIG.
CIRCLE 32 ON READER SERVICE CARD [Continued on page 46]
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+1 _to +15dBm input

1 to 1000 MHz
onIy 32]95(5-24)

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

e micro-miniature, 0.5 x 0.23in.

pc board area

« flat pack or plug-in mounting

* high rejection of
odd order harmonics, 40 dB

¢ low conversion loss, 13 dB

* hermetically sealed

* ruggedly constructed
MIL-M-28837 performance*

*Units are not QPL listed

SK-2 SPECIFICATIONS

FREQUENCY RANGE, (MHz)

INPUT 1-500
OUTPUT 2-1000
CONVERSION LOSS, dB TYR.
1-100 MHZ 13
100-300 MHz 13:8
300-500 MHz 14.0
Spurious Harmonic Output, dB TYP.
2-200 MHz F1 —40
F3 ~50
200-600 MHz F1 —28
F3 -40
600-1000 MHz F1 =20
ES =30

MAX.

15

15.5
16.5
MIN.
-30
-40

-20
-30
=15
-25

For complete specifications and performance

curves refer to the 1980-1981 Microwaves Product

Data Directory, the Goldbook or EEM.

For Mini Circuits sales and distributors listing see page 69

finding new ways. ..
setting higher standards

JMini-Circuits

A Division of Seientific Components Corporation
World's largest manufacturer of Double Balanced Mixers

2625E. 14th St. B’klyn, N.Y. 11235(212) 769-0200
C78-3 REV. A.

CIRCLE 34 ON READER SERVICE CARD
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TABLE IlI

INTELSAT’'S SATELLITE HPA LINEARIZATION
DEVELOPMENT PROJECTS

CONTRACT CONTRACT YEAR CONTRACTOR
NO.
Butler Matrix 1S-565 1974 - ELAB, Norway
Transponder 1S-733 1977 Marconi, U.K.
Linearizer
TWTA Linearizer 1S-1001 1978 Thomson-CSF, France
Linearization INTEL-172 1981 AEG-Telefunken, Germany
Mechanisms for
Solid State

Power Amplifier

RF INPUT INPUT
SIGNALS SIGNAL
DIVIDERS
PR e ¢ [
1 — Fod]
g P
2. . L_f——
INPUT > - 6x4
SW L—> SWITCH MATRIX
3 [ sz
L_f———
4—» 1 > RF OUTPUT
. L — SIGNALS
; -
COMMAND 2
SIGNALS —— e
H| | o
OUTPUT K 4 F '
SIGNAL : N
COMBINERS [\ E}] E‘} CH R
6
> 5
—_— e AN =
s L_—>
6 i o ;
Erl > 6x4
INPUT o X
swW L |  swiTCH MATRIX
7 —> L —
o e -
L_——
§ il g -
> J
COMMAND. SWITCH
SIGNALS —— %‘}\Tg«xs
> ] ]

CONTROL SIGNAL
FROM DCU

Fig. 3 Block diagram of microwave switch matrix
(Intelsat Contract Intel-119).

LINEAR CHANNEL

VAR.

PUT E— 3dB 3dB PUT

90°

EXPANDER E H E
CHANNEL N

Fig. 4 Thomson-CSF linearizer for TWTA
(Intelsat Contract 1 S-1001),
[Continued on page 48]
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ceive and transmit beams, usu-
ally at high speeds, e.g. in the
SS-TDMA mode of operation.

Development of special redun-
dancy switches is the object of
Contract 1S-998 awarded to Trans-
co Products (USA). The contract
callsforthe development of coax-
ial “T” switches operating over
the 3.7 - 4.2 GHz band. The latch-
ing type switch performance re-
quires 18V, 500 mA pulses of 70
ms duration. The weight of the
switch is 110 grams. Figure 2
shows a photograph of the engi-
neering model and sketches of its
three possible configurations. This
type of switch, or similar ones,
may be used for both redundancy
switches and/or static switch
matrices on-board satellites.’

Dynamic switch matrices have
been developed in the past by
INTELSAT R&D* and are being
further developed under current
contractINTEL-119 (NEC, Japan).
Tablell refers to INTLESAT’s past
and present R&D activities in the
field of on-board switching matri-
ces. Figure 3 shows the RF block
diagram of the 8x8 dynamic mic-
rowave switch matrix (MSM). This
is a planar MSM in (6x8)x2 con-
figuration with two redundantrows
for four working rows. Both the
PIN diode and the FET are under
examination as switching ele-
ments. For the latter, the major
MSM RF performance require-
ments are as follows:

Operational frequency 3950 + MHz, min.
Insertion loss, in/out 9 dB, max.

Insertion loss variation over the 500 MHz bandwidth, 1.5 dB peak to peak, max. and
any one path 0.5 db/MHz max. slope

Insertion loss variation from path to path 2.0 dB peak to peak, max.

RF isolation between any two non-connected ports at 50 dB
any frequency within the 500 MHz bandwidth
‘Switching speed (RF-envelope including all switching 75 ns
transients)
TABLE IV
(a) INTELSAT'S 4 GHz SOLID-STATE AMPLIFIER DEVELOPMENT PROJECTS
DEVICE AMPLIFIER
Performance  Contractor & Contract | Performance Contractor Contract
Objective Contract No. End Objective Contract No. End
S5W FET MSC 1981 05 W RCA 1978
development  1S-906 Output 1S-764
Stage
6.5W FET Raytheon Current 6.5 W RCA 1981
development  INTEL-189 SSPA 1S-1000
(higher
efficiency
and more 6 W and RCA Current
linear than 10W SSPA  INTEL-138
1S-906) qualifi-
cation

(b) INTELSAT'S 11 GHz SOLID-STATE AMPLIFIER DEVELOPMENT PROJECTS

DEVICE AMPLIFIER
Peformance Contractor & Contract Performance Contractor Contract
Obijective Contract No. End Objective Contract No. End
0.5W FET Plessey 1979 10W TWTA RCA current
development 1S-839 replacement INTEL-130
SSPA

current
S5WFET Raytheon
development 1S-1007
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The above requirements must
be met in a unit which is reliable,
lightweight, and consumes min-
imum satellite power. Suitable
space qualified technologies must
be utilized to achieve the above
goals.

On-Board Linearization of Power
Amplifiers
On-board power amplifier line-

arization has a potential impact
on future satellite communica-
tions. Inthe last few years various
techniques have been explored
by INTELSAT to achieve satellite

transponder linearization. Table
Il shows a list of the Develop-
ment Project contracts relative to
on-board linearization awarded in
the time period 1974-1982. Here

Fig.5 6 W, 4 GHz solid state power
amplifier. (Contract IS - 1000).

]

il

[lla) & Tafclon

§ y o

R.F. INTEL 143
IN ['/”/I: V& (FRONT END &
MIXER)

INTEL-182
(I.F. CHAIN)

0 sur

INTEL-182
(LOCAL
OSCILLATOR)

AND PHASE SAMPLING|

CIRCUIT D.C. INPUTS

CRYSTAL OSCILLATOR

(APPROXIMATE dim. 10.5 x 7.4 cm.)

Fig. 6 Front end pre-amplifier for the

6/4 GHz receiver (Contract Intel-143).

Fig. 7 Integrated 6/4 GHz receiver in test enclosure — plan view

(Intelsat Contracts Intel-143 and -182).

[Continued on page 53]




[From page 49] INTELSATR & D

we shall report only on the last
two contracts: 1S-1001 to Thom-
son-CSF (France) on TWTA line-
arization,and INTEL-172to AEG-
Telefunken (Germany) on Solid
State Power Amplifier (SSPA)
linearization.

— TWTA Linearization
A description of the linearizer
developed under contract 1S-1001
is presented in Reference 5 and a
block schematic is shown in Fig-
ure 4. The linear branch consists
of a variable attenuator and a var-
iable phase-shifter. The non-linear
branch uses a pair of back-to-
back Schottky diodes.
Although the project has not
been entirely completed, prelimi-
" nary resultsindicate that substan-
tial improvements in Carrier-to-
Intermodulation ratio (C/l) can
be realized with this linearizer.

— SSPA Linearization

This more recent contract is
intended for linearization of SSPA
used as TWTA replacement at 4
GHz. Eventually, itis hoped that it
will lead to an all solid state linear-
ized power amplifier. The predis-
tortion linearizer being developed
is based onthe well experimented
technique of using FET amplifiers
operated in their linear and non-
linear regions. respectively, for
the linearand non-linear branches
of the linearizing bridge circuit.

Solid State Power Amplifiers
Higher predicted reliability,
compared to TWTA’s, and the
recent rapid progress of FET
devices have made SSPA'’s suita-
ble for microwave power amplifi-
ers. INTELSAT started an effort of
solid state power amplifier devel-
opment as early as 1977. This
effort has concentrated on both
device and amplifier development
for the presently utilized satellite
transmit bands (4 and 11 GHz).
Table IV shows each contract
effort with its objectives. Figure 5
shows a photograph of the most
recently completed contract, the
6 W, 4 GHz TWTA replacement
SSPA.° The amplifier has a band-
width of 500 MHz, with a small
signal gain of 56 dB and an effi-
ciency of around 15% (at satura-
tion). A similar 10 W amplifier will
be flight-qualified under a separ-
ate current contract.
[Continued on page 54]
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MIL-C-14409
and
Johanson
Variable Capacitors...

TWO TIMES ACTUAL SIZE

Now qualified to MIL-C-14409 are Johanson high performance
Giga-Trim® Capacitors, military styles PC21, PC22, PC23, and
PC24. Air dielectric capacitors are available in military styles
PC25 through PC32. These rugged sapphire and air dielectric
trimmer capacitors meet the highest standards of quality and
reliability. From the early space programs to today’s sophisti-
cated military electronic circuitry, Johanson Variable Capacitors
continue their record of outstanding service.

Electronic Accuracy through Mechanical Precision

Manufacturing Corporation
Rockaway Valley Road Boonton, New Jersey 07005
201-334-2676 TWX 710-987-8367

U.S. Patent No. Re30,406
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The Logus Custom
Designed Standard
W/G Switch Line

MORE Performance. MORE

Design Flexibility. And, MORE

Savings in Both Cost and
Delivery Time.

Featuring our unique and L
highly versatile “UNI-LOG""
DRIVE", the Logus Custom

Designed Standard W/G Switch
Line provides:

e Accurate Alignment

® Precision Indexing
Linkage for Bounce-Free
Construction and No
Bounce Indicators

DISTINCTIVE CUSTOM
FEATURES IN THE STANDARD
LOGUS LINE. ;

The “UNI-LOG DRIVE" delivers
dynamic interchangeability with
a MTTR of only 2 minutes.

OGLS

n You Get.

Quickly replaceable, the same
drive head can be used within

all w/g sizes from WR 28 to WR

112—affording a significant
‘bottom line savings’ in cost,
delivery and field replacement.
“...Unquestionably, Logus offers
industry and government the
most comprehensive, highest
reliability, ‘OFF-THE-SHELF’
STANDARD W/G SWITCH
LINE. And, it's all supported by
a total in-house capability in
engineering design, precision
machining and stringent quality
controls.”

Call or write today for more
data on the LOGUS CUSTOM
DESIGNED STANDARD W/G
SWITCH LINE.

Logus Manufacturing Corporation
22 Connor Lane

Deer Park, New York 11729

(516) 242-5970 or TWX (510) 227-6086
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GaAs Monolithic Circuits :
Monolithic Microwave Inte-
grated Circuit (MMIC) technolo-
gies are being developed for an
increasing number of analog and
digital applications. Most of the
typical MMIC features seem very
attractive for space applications.
More specifically, the four most
distinct GaAs MMIC features rele-
vant to satellite applications are:

e small size and weight

e l[ow dc power consumption

e good radiation hardening char-
acteristics, and

e capability to combine analog
and digital signal processing
on same chip.

d—
7L

(@@]‘.
le—18 —»

[SSSSSISISRY

ILIILILIIIIIIIFS

140-
140

Fig. 8 4 GHZ .9% BW channel
filter physical layout
(Intelsat Contract Intel-183).

The purpose of INTELSAT R&D
in this field is to assess how the
above MMIC properties can be
usefully exploited on-board future
satellites. To this end, two devel-
opment projects have been under-
taken to build a monolithic satel-
lite receiver.

Under contract INTEL-143,
“Wideband Integrated Receiver
Development,” an MMIC pre-am-

[Continued on page 56]
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Fig. 9 Measured insertion and return loss response of 4-pole
- dielectric resonator filter (Intelsat ER & S project).
TABLE V
INTERSATELLITE LINK SUBSYSTEM DEVELOPMENT PROJECTS
- ITEM PERFORMANCE CONTRCTR PROJECT REMARKS CONTRACT
OBJECTIVES NUMBER END
TWT(A) 10 Watts Output Hughes-EDD 78 Breadboard Mid '82
23 & 33 GHz (U.Ss.) Models &
- 37% Efficiency 101 Engineering End ’82
43-49 dB Gain Models
¢ Wideband 23 GHz GE 59 Breadboard Early '82
FM Modem 1% Linearity (U.S.) Model Only
- 10-130 MHz Base-
band
> Stability:
1x10™"
—_ Frequency (i) 4 GHz/70 MHz; NEC 103 Breadboard End '82
dC tO 1 50 MHZ Converters 7 dB NF (Japan) models &
b (item i 20-25 dB gain Engineering
bar]dW|d-th through iv (ii) 70 MHz/4 GHz; models
include IF 10dB NF
. amplifiers) 25-30 dB Gain
10ns Sett"ng (i) 23 GHz/6 GHz;
7 dB NF
x 0 20-25 dB Gain
tlme tO 02 A) (iv) 33 GHz/6 GHz;
7 dB NF
With the revolutionary new CLC103 20 dB Gain
op amp, all you need is one gain set- (v) 4 GHz/23 GHz; NEC 151 Breadboard Mid '83
ting resistor and +Vgc. The feed- 5 dB NF, (Japan) Models &
back resistor from output to inverting 4 dB Conv. Loss Engineering
- input is internal. There's no extra cir- (vi) 4 GHz/33 GHz; Models
) cuitry to design. No compensating 5.5 dB NF
networks either. And the bandwidth 4.5 dB Conv.
(-3dB) will hold for gain settings from Loss
one to 40, inverting or non-inverting.
What's more, the CLC103 delivers Low Noise 23 GHz; NEC 104 Breadboard Mid '82
- an impressive 6 V/ns slew rate, flat Amplifier 4.8 dB NF (Japan) Model &
gain-phase response from dc to over 20 dB Gain Engineering
100 MHz, plus unconditional 1 GHz Bandwidth Model
ST L e Boemndl ampeni ISL Test  Capabilitiesto ~ COMSAT Labs  LAC End '83
il g‘r)i';ég‘g?j'&‘s: g?gece Quaiition, .5 Bed Simulate Various (U.s.)
Choose from an industrial or System Configura-
military version. But be sure you tions
choose the CLC103. Because you Low Noise 33 GHz (4 GHzIF) Not awarded 167 RFP End '83
ad won't find a fast settling, wideband Receiver 20 dB Gain min. yet issued
op amp that's higher performing...or 5 dB NF max. in May
BEOV-10 Use, ; Low Noise 2-3dB NF Plessey 142 End '83
For complete detalls.i call cET 7-10 Gain ;‘ (UK.
(303) 669-9433. Or, write Comlinear ’ g
Corporation, 2468 E. 9th St., Develop- 23 GHz
Loveland, CO. 80537. ment 3-4 dB NF,
Comlineor 4-6 Gain, at 33 GHz
' 1 GHz Bandwidth
= Corporation for both units

Take this:
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| FT=160 == 200

More basic performance per dollar.
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WAVETEK
PTS FLUKE ROCKLAND
160/200 6160B 5600
160 MHz or
200 MHz v NO NO
Built-in
GPIB or P NO NO
par. program
Optional
Resolution P NO P i
0.1 Hz — 100 KHz 2
Metered 5
Output v NO NO
20 us
Switching 7 NO [
99 dB
programmable P NO NO
Attenuator
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wdvine RS Rk 3 £

PR SEINIDN »

Price: PTS160, 1 Hz Res, Rem. only, TXCO, $4,625.00 — (Samplejits

Certain models are available on a rental basis)

% PROGRAMMED TEST SOURCES, IN 7
BEAVERBROOK RD., LITTLETON, MA 0146
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plifier mixer front-end for a 6/4
GHz receiveris being built. Figure
6 shows the RF pre-amplifier cir-
cuitasdeveloped by Plessey (U.K.)
operating over the frequency band
5.85 - 7.075 GHz. The overall
front-end gain is 20 dB with a
noise figure of 3 dB.

Under contract INTEL-182,
“Monolithic Wideband 6/4 GHz
Receiver Development,” a Local
Oscillator (LO) and an IF pre-
amplifier are being built. They will
be subsequently combined with
the hardware being developed
under the previous contract in
order to build a complete monoli-
thic receiver. The LO will be
implemented using a SAW delay
line. Figure7 shows the final layout
of the monolithic receiver.

Dielectric Resonator Filters

In comparison with waveguide
filters, dielectric resonator filters
(DRF) present very attractive fea-
tures of low volume and weight.
These properties are particularly
important for on-board multi-
plexers.

Presently, undercontract INTEL-
183, Elektronikcentralen (Den-
mark) is developing DRF’s with
no external group delay equaliza-
tion, suitable for use on-board
future INTELSAT spacecrafts.
These are eight pole Chebyschev
filters which permit coupling of
non-adjacent resonators for in-
ternal group delay compensation,
and include spurious mode sup-
pression circuits. Figure 8 shows
the physical lay-out of a narrow-
band (0.9% fractional bandwidth)
filter operating at 4 GHz.

In addition, under initial Ex-
ploratory Research and Studies
(ER&S) efforts performed by
COMSAT Labs (USA) for INTEL-
SAT, atheoretical investigation of
the dielectric resonator oscillator
was performed’ and sample die-
lectric filters designed, built, and
tested. Figure 9 shows a mea-
sured frequency response of a 4-
pole DRF using the MIC trans-
mission line coupling shown in
Figure 10.

Intersatellite Link (ISL)

Under INTELSAT R&D Intersa-
tellite Links (ISL) have been the
subject of commendable activity
for the past several years. The
reader is referred to reference 8

[Continued on page 60]
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TOP VIEW

DIELECTRIC
RESONATORS

L

WALL

s DO EER

VL

FRONT VIEW

MICROSTRIP CONDUCTOR

COMMON

for an overview of the INTELSAT
R&D program related to ISL.
Here we shall limit ourselves to
areportonthe most recentresults
achieved by INTELSAT R&D in
the hardware implementation of
the ISL microwave components.
These components refer to the
s two ISL baseline solutions shown
UL dlltrtzzzttim in Figure 11, namely the FM
remodulation and the heterodyne
repeater ISL. Table V shows the
development projects presently
underway which relate to ISL RF
hardware. A brief description of
some of these componentsis given
below.

Wideband FM Modem - Contract

METAL

SIDE VIEW

MICROSTRIP
SUBSTRATE

Fig. 10 Coupled dielectric resonators, by a microstrip transmission line

(Intelsat ER & S Project).

INTEL-040, General Electric, USA
Reference 9 provides a full des-

Deviation Sensitivity

PERFORMANCE OBJECTIVES OF INTERSATELLITE LINK MODEM
(Contract Intel-059)

MODULATOR DEMODULATOR
23.05 GHz Input Frequency 6.75 GHz
Cuipat lir:ql;'eel:cy —10dBm Input Power —15 dBm typical
FM g u:put Bondwldth 1.0 GHz FM Bandwidth 1 GHz
i Frequency 10 to 130 MHz Deviation Sensitivity 1.0 mV/MHz
Input Mymistian FIER 200 MHz/V Linearity better than =+ 2%

better than + 2%

TABLE VI

Baseband Output Frequency 10 to 130 MHz

Linearity

[Continued on page 62]

If We Don’t Already Have
The RF Filter You Need. . .

We’ll Build It Fast.

Catalog RF/82 shows diplexers and bandpass, band reject and
low pass/high pass filters currently being used by many manufac-
turers of transceivers and other VHF/UHF equipments.

But if you need a one-of-a-kind special and you can'’t afford to
wait, we've still got you covered—we’'ll design and build exactly
what you need for your system, and we’'ll work around the clock to
deliver it when you need it.

Call us and talk to the RF engineer who will design your
special filter. He'll give you a prompt, on-line analysis of your
specifications, and he’'ll quote price and delivery time. Before you
hang up, you'll know what you need, when you'll have it and how
much it will cost—all with just one phone call!

Once you've placed an order, our unique QRC (quick reaction
capability) begins to work for you: QRC combines the efficiency of
computer-aided design with our dedicated model shop and test
labs to ensure that your filter will be what you need when you need
it.

8 : Pass Filterg o
alia/Mi.’.ct Filters o
gh ass Filterg ®

When you need a special filter designed exactly to your
specifications, and you need it now, call MFC!

315-437-3953
TWX 710-541-0493
6743 Kinne St., East Syracuse, NY 13057

m — —comPaNY. inc.
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cription of the modem developed
under this contract. The FM mod-
ulator is an FET VCO wherein a
10-130 MHz signal (equivalent to

three transponder channels)
modulates a 7.8 GHz carrier. A
times-three multiplier then pro-
duces a 23 GHz signal with a 1

TRACKING
ANTENNA
K z

23 GHz

WESTEND

23 GHz

33 GHz

(a) ISL CIRCUIT USING FM REMODULATION

TRACKING T TRACKING
ANTENNA ANTENNA
33 GHz
23 GHz TWTA 33 GHz 33 GHz TWTA 23 GHz
L.O. L.O. LO. L.0.
WEST END EAST END

(b) ISL CIRCUIT USING HETERODYNE REPEATER

TRACKING
ANTENNA

L.O.

EAST END

Fig. 11 Intersatellite link baseline systems.

GHz spectral bandwidth. After the
down conversion to 6.75 GHz,
this signal is frequency demodu-
lated to the 10-130 MHz original
bandwidth. The specifications of
the modem are shownin Table VI.
This project will be completed in
1982. Preliminary results indicate
a performance close to the re-
quired specifications.

Frequency Converters - Contract
INTEL-055, NEC, Japan

The ISL converters cover a wide
range of frequencies. Initially,
INTELSAT’'s contract with NEC
(Japan) for ISL converters in-
cluded those four needed for the
RF remodulation scheme shown
in Figure 11 (a). All four conver-
ters include IF pre-amplifiers and
all of the RF circuitry are realized
in MIC. Reference 10 describes
these converters in detail. A pho-
tograph of the 23 GHz/6.75 GHz
converter/IF pre-amplifier bread-
board model is shown in Figure
12. A later contract, also with
NEC, calls for development of two
upconverters for use in the ISL

Heterodyne Repeater scheme.
[Continued on page 66]

M/A-COM OMNI SPECTRA, INC.
Omni : o
: “Jsp.cm ~ 21 Continental Bivd., Merrimack, NH 03054

Malke the Right
Connection.

Omni Spectra tools are
recommended by

ASSEMBLY
PROCEDURES

MIL-C-39012.
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23 GHz Low-Noise Amplifier -
Contract INTEL-056, NEC, Japan

This amplifier is intended for
the ISL receiver front-end of the
23 GHz Link. The breadboard
model has already been developed
and delivered by NEC under con-
tract INTELO56. It meet or exceeds
all the requirements of the con-
tract. This amplifer consists of
two MIC modules with each mod-
ule incorporating two low noise
FET devices. The two modules
are cascaded with an MIC isolator

as an intermediate stage. The
access to the input and output of
the amplifier is through wave-
guides isolators and waveguide
to coaxial transistions. This as-
sures an input/output VSWR
match of better than 1.15:1. The
total amplifier power (including a
dc/dc converter) from 15V supply
is 1 W and this integrated unit
weighs 244 grams. Detailed des-
cription and measured perform-
ance of this amplifier are pre-
sented in reference 11. Figure 13

=

At Q-bit, we add Power Feedback™
technology to all our hybrid amplifiers.

We put more in ... so you get more out! From the QBH-101 to the
QBH-360, all Q-bit amplifiers utilize Power Feedback™ technology,
resulting in high reverse isolation and excellent input/output return
loss. For example, check these specs:

QBH-105 @ 15 VDC

FEER. INFUT
MHZ VEWE
0 b ) .
28, 1.87
Ea, 1,65
9@, 1.84
128. 1.02
158, 1.81
188, 182
21 1.84
24 1.87
2 1.1¢
208, 1.18
power: _13__wpc, _ 7 _ A INTERCEFT: 3rd ORDER -2 e
NOISE FIGURE: _ 2.9 _dBy @ __70__MHz 2nd ORDER _33.5 dBmy 8 __120_MHz
_35 gey @ _.300 MHz g gg comPrEssION: - 55 _dBmy & 120 _mHz
Call or write:

311 Pacific Avenue, Palm Bay, FL 32905 e (305) 727-1838 TWX (510) 959-6257

[ J“ Q-bit Corporation
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shows a photograph of the 23
GHz amplifier module and the.
assembled amplifier.

Additional Contracts

Additional contracts, current
and forthcoming, areintended for
development of the 20 and 30
GHz, low-noise FET devices, as
well as the 30 GHz receiver. See
Development Projects 167 and 142
in Table 8.1.

Fig. 12 23 GHz converter/IF amplifier
for ISL (Contract Intel - 055).

Fig. 13 (a) 23 GHz integrated low noise
amplifier for ISL, (b) One module with the
cap removed (Contract Intel - 056).

Conclusions

We have presented a review of
the most recent advances in mi-
crowave technologies achieved
through INTELSAT R&D pro-
grams. The microwave hardware
necessary toimplement on-board
regeneration, switching and am-
plifier linearization have been de-

[Continued on page 68]
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scribed. Monolithic Microwave
Integrated Circuit (MMIC) and
dielectric resonator technologies
have been shown to play a poten-
tially relevant role in the future
INTELSAT spacecraft. The mi-
crowave hardware for Intersatellite
Links (ISL) has been reported to
bein a final state of advancement.

From the above description we
can recognize that INTELSAT
microwave R&D is motivated by
the needs of the future genera-
tions of INTELSAT spacecraftand

is limited to those areas where
particular impetus is deemed
necessary to trigger future indus-
trial activity. To avoid duplication
of effort, communications satel-
lite related areas of research and
development which possess defi-
nite application to INTELSAT
satellites, but are investigated by
the industry, either in the U.S. or
abroad, as routine work or as con-
tracts to other interested parties,
are not usually pursued by IN-
TELSAT.

THE SATCOM SOURGE

AIRBORNE - SHIPBCOARD - GROUND - PORTABLE

With two decades of experience in design, development, and manufacturing
airborne satellite communication antennas, Dorne & Margolin,. Inc. has
broadened its capabilities for additional UHF SATCOM antenna designs.

DM C34-3/B

AIRBORNE

DM C120 Series

Portable/Manpack

DM 1501341 Series

AIRBORNE

sATCO\\‘\

u DM C99-2
DM C101-3

Shipboard/Mobile

When your current or future requirements indicate a need for satellite
communication antennas, please contact Stephen J. Spaulding or
Frank W. Kellerman for further information.

Bohemia, N. Y. 11716

DORNE and MARGOL.IN, INC.
2950 Veterans Memorial Highway
Tel. 516-585-4000

TWX 510-228-6502
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Major thrusts for near and
medium term microwave R&D will
be anincreasein hardware reliabil-
ity, and reduction of weight,
volume and dc power consump-
tion. To this end, INTELSAT R&D
is already moving in the direction
of high density integrated circuits
performing both analog and dig-
ital functions, e.g. GaAs monoli-
thic switching modules for Mic-
rowave Switch Matrices, as well
as integrated circuits operating
both at RF and baseband fre-
quencies, e.g. composite struc-
tures with modems and Baseband
Switch Matrices.
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16-QAM Transmission at

6 and 11 GHz

Technical Feature

Digital Radio for 90-Mb/s,

J. J. Kenney
Bell Laboratories
North Andover, MA

Introduction

Adigital radio system, DR 6-30,
has been developed to provide
90-Mb/s capacity (equivalent to
1344 voice channels) in a 30-MHz
channel within the 6-GHz com-
mon carrier band."? A companion
radio repeater, DR-11-40, extends
this capability to the 11-GHz band.
Sixteen state quadrature ampli-
tude modulation (16-QAM) is used
to obtain a spectral efficiency of 3
bits per hertz, while at the same
time causing negligible interfer-
ence to adjacent digital or analog
RF channels.® Full route devel-
opmentof8 RF channels at6 GHz
or 11 RF channels at 11 GHz is
possible. This paper first describes
the baseband and modem equip-
ment and then focuses on the
radio repeater design considera-
tions and hardware realization.

Baseband and Modem Equipment

The DR 6-30/DR 11-40 Digital
Radio System has three major
functional units: a 90A Line Ter-
minating System, a 90A Regena-
tor Bay, and an IF/RF Radio Bay
(either DR 6-30 or DR 11-40).
These arrangements are shown in
Figure 1. All signal interconnec-
tions between these units are at
an intermediate frequency of 70
MHz.

The 90A Line Terminating Sys-
tem contains digital terminals, line
protection switching, and digital
multiplex. A digital terminal trans-
mitter receives two asynchronous
unipolar DS-3 rate (44.736 Mb/s)
bit streams, synchronizes them,
adds overhead bits and produces
a 16-QAM modulated IF carrier at
70 MHz.* Adigital terminal receiver

MICROWAVE JOURNAL ¢ AUGUST 1982

performs the corresponding in-
verse functions with circuitry
somewhat more complex because
of the need to recover carrier, tim-
ing and framing information from
the received signal. Radio protec-
tion switching (1xN frequency
diversity) is also part of the 90A
Line Terminating System. Each
received unipolar DS-3 rate sig-
nal is monitored for frame integ-
rity and DS-3 parity violations.

Transfer of service to the protec-

tion channel occurs when frame
is lost or when the bit error rate
(BER) exceeds a preset threshold
of 107°.

At a repeater station, the trans-
mitted signal is regenerated to
preserve maximum immunity to
accumulated noise and other dis-
tortions. In the regenerator, radio
line parity is checked and cor-
rected, parity and misframe indi-

g

IF IF
90A H IFRF RF H %A H IFRF IF/RF 90A
LINE RADIO RADIO RE- RADIO RADIO LINE
TERMI- BAY BAY GENER- BAY BAY TERMI-
NATING ATOR NATING
SYSTEM BAY SYSTEM
(2 TRMTRS)| |2 TRMTRS) (2 TRMTRS)| |(2 TRMTRS)
(2RCVRS) | | (2RCVRS) (2RCVRS) | | 2RCVRS)
TERMINAL REPEATER TERMINAL
Fig. 1 Typical digital radio system arrangement.
POWER
AMPLIFIER
IFIN CHANNEL
uP BAND PASS DETECTOR
PlconverTer[P|  FILTER J'I>’ AND ALC [P b —(=¥
f ¥
H
LOCAL !
OSCILLATOR
RF IF AGC
PREAMP* AMPLIFIER IF
CHANNEL DOWN IF ADAPTIVE e
" 7’9" > B SERARA TING E CONVERTER —P NETWORKS EQUALIZER[ P

T

LOCAL

T

i

i

i

1

'
v OSCILLATOR|

*RF PREAMP AT 6 GHz ONLY

Fig. 2 Transmitter and receiver block diagram.
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cations are generated, and ser-
vice channel bits are extracted
and inserted.

Radio Bay

The basic DR 6-30 or DR 11-40
radio bay interconnects with the
modem equipment at an IF of 70
MHz (block diagram shown in
Figure 2) Conventional heterodyne
repeater practices are followed in
most respects. The6-and 11-GHz
repeaters are functionally similar
but there are significant differen-

ces in the implementations of the
designs. The radio bays shown in
Figure 3, contain two transmitters
and two receiversina7-foot frame
that is 10-1/4 inches square. Few
adjustments are required, and
access is completely from the
front.

Characteristics of the
Radio Channel

The digital channel shape is
essentially determined by the
baseband filtering contained in

Descguens (hocce

SMA Coauxial
Attenuators

1to20dB « DC to 18 GHz

(dB)

LOSS

RETURN

|

L LIMITS

|
\i\
INTYPICAL

[
I
|
I
1 1 1

T
10

FREQUENCY

(GHz)

Attenuation Stability: 0.0001 dB/dB/°C
Attenuation Accuracy: 1-6 dB — +0.3dB
7-20dB — +0.5dB
VSWR (Max): DC-8 GHz — 1.15:1 ® 8-12 GHz — 1.25:1
12-18 GHz — 1.35:1
Input Power: 2 watts @ 25°C, derate to 0.5 watts @ 125°C

Operating Temperature: —65°C to + 125°C

Series
CASS
CASL

KDI

~__Length
0.86
1.02

Attenuation Increments

1-10dB
11-20 dB

PYROFILM

60 S. Jefferson Road ® Whippany, N.J. 07981 e (201) 887-8100
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Fig. 3 DR 6-30 (Left) and DR 11-40
(Right) radio bays - two transmitters
and two receivers each.

the terminals and regenerators.
Thus, the purpose of the radio
equipment is to provide a linear
channel with minimal dispersion
over a 30-MHz bandwidth. The 6-
and 11-GHz transmitter-receivers
have been designed to provide
nearly identical transmission chan-
nels, and the two types may be
mixed within a common system.

Linear delay distortion may be
corrected to within £1 ns over
+12 MHz at installation by the
selection of an appropriate equal-
izer, and the parabolic delay dis-
tortion is equalized to within 1 ns
over £12 MHz. One dB of the
accomodation range of the adap-
tive slope equalizeris allocated to
correct asymmetric amplitude
shapes. The symmetric compo-
nent of amplitude shape is equal-
ized to within 1 dB over 12 MHz.

Amplitude linearity is the prin-
cipal additional requirement im-
posed on circuits carrying QAM
signals. Linearity budgets have

[Continued on page 74]
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been set up for these few systems
by treating the third-order inband
intermodulation spectrum as co-
channel interference.? The trans-
mitter, in particular the RF power
amplifier, isthe prime contributor
to nonlinear degradation in the
radio equipment. The second most
contributory circuit is the down-
converter. Its nonlinearity is only
of concern during normal or ab-
normally high signal level condi-
tions and not during periods of
fading.

4 Fig. 4 Upconverter block diagram.

Solid State

CROWAVE

SIGNAL GENERATORS
to 18 GHz

o
O

" B B B BB

Wide bandwidths

Power output greater than 1TmW c.w.
Output calibrated to -127dBm

Pulse & F.M. facilities

Digital readouts
NATO Type approved

By —

¢ M l Telephone:Bodmin (0208) 3161 Telex: 45456
s OverseasCables:FLANMICRO BODMIN .

Ll flann microwave instruments Itd

Dunmere Road Bodmin Cornwall England
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Fig. 5 6-GHz upconverter.
Radio Repeater Components

— Transmitter
Because a GaAs FET power
amplifier is used at 6 GHz and a
TWT isusedat 11 GHz, the design
considerations for the upconver-
ters are somewhat different. For
the solid-state amplifier at 6 GHz,
gain is achieved by cascading
discrete amplifier stages. There-
fore, economy dictates that the
upconverter be designed to pro-
duce as much RF power as is
practical, and so the mixer uses a
varactordiode. Witha TWT ampli-
fier at 11 GHz, 40 dB of gain is
achieved directly, and thus the
lower power upconverter uses a
Schottky barrier diode. Figure 4
shows that both upconverters are
single diode designs, wherein the
signal and local oscillator are
separated by a circulator. An iso-
lator has been included to provide
a good impedance match for the
LO, and toterminate the unwanted
sideband after its reflection from
the sideband selection filter. Fig-
ure 5 is a photograph of the 6-
GHz upconverter illustrating the
variable gain IF amplifier, varac-
tor mixer, circulator, isolator, and
a step recovery diode frequency
sextupler for the local oscillator.
This circuit is representative of
the microwave integrated circuit
construction used throughout the
repeater.
[Continued on page 76]
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performance*

* low insertion loss, 0.85dB
« high directivity, 25dB
« flat coupling, +0.5dB
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e hermetically-sealed
e 1 year guarantee
*Units are not QPL listed
PDC 10-1 SPECIFICATIONS

FREQUENCY (MHz) 0.5-500
COUPLING,dB  11.5

INSERTION LOSS, dB TYP. MAX.
one octave band edge 0.65 1.0
total range 085 1.3
DIRECTIVITY, dB TYP. MIN.
low range 32 25
mid range 32 25
upper range 22 15
IMPEDANCE 50 ohms.

For complete specifications and performance
curves refer to the Microwaves Product

Data Director, the Goldbook, EEM,

or Mini-Circuits catalog

For Mini Circuits sales and distributors listing see page 69
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Fig. 6 6-GHz GaAsFET power amplifier.

The 6-GHz GaAs FET power
amplifier shown in Figure 6 has
four stages with a total gain of 30
+3 dB and a saturated output
power of about 4.5 watts (+36.5
dBm). Thisamplifier has well con-
trolled gain and phase character-
istics to within 1 dB of the satura-
tion point. The amplifier can be
operated at an average power of
30.0 dBm while producing inter-
modulation distortion at least 36
dBbelow the signal.>®* The 11 GHz
TWT amplifier has a gain of 43 +3
dB and a minimum saturated out-
put power of 20 watts (43 dBm).
Unlike the GaAs FET amplifier,
the TWT shows a significant gain
and phase deviations at a power
10 dB below the saturation point.
However, these nonlinearities are
well described by a third power
distortion model. Figure 7 shows
a simple 70-MHz predistorter
which allows the amplifier to be
operated at +37 dBm and meet its
distortion allocation. The predis-
torter circuit takes a sample of the
70-MHz signal, passes it through
an expansive nonlinear amplifier
(its gain increases with increas-
inginputsignal level),and adds the
output to the main IF signal. The
amplitude and phase of the dis-
torted signal are adjusted to can-
cel the amplitude and phase devi-
ations of the TWT.

.f PHASE
SHIFT | ‘

IF _2 IF
|N-. HYBRID HYBRID -’OUT

NON-LINEAR
AMPLIFIER

Fig. 7 Predistorter block diagram.
While the GaAs FET amplifier
operates well at an average trans-
mit power of +30.0 dBm, it de-

grades abruptly when the power
is increased beyond this point.
The amplifier gain is a function of
temperature and, therefore, the
transmitter has an automatic level
control loop, which controls the
gain of the IF driver in the upcon-
verter, as indicated in Figure 2.
With this arrangement, the output
power is typically held constant
to within +0.1 dB over a tempera-
ture range of 0 to 50°C. In the
11-GHz transmitter, a similar
leveling loop controls the output
power to keep it constant with
aging and temperature. This is
necessary so that the TWT distor-
tion products remain at a fixed
level for cancellation by the pre-

distorter ciruit.

Fig 8 6-GHz barium titanate
resonator filter.

— Microwave Networks
The channel combining and
separating networks should con-
tribute minimal amplitude or delay
shape to the digital channel.
Because of the high spectrum
efficiency at 6 GHz (3 bits/Hz),
the RF filter bandwidth is not
large compared to the digital
spectrum width. Therefore, these
filters must be stable with temper-
ature. This stability is achieved at
6 GHz by using barium titanate
dielectric resonators mounted in
cutoff waveguide (Figure 6).°” The
dielectric constant of this mate-
rial is about 40 and the resonator
Q is about 6000. A temperature
stability comparable with that of
an Invar waveguide filter is a-
chieved, but the dielectric resona-
tor filter is compact and inexpen-
sive. The seven resonator filters
are Butterworth designs with in-
sertion losses of 1 dB and return
losses in excess of 30 dB. These
filters coupled with circulators
form the 6-GHz channel combin-
[Continued on page 78]
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CONVERSION LOSS, aB TYP. MAX.

Total range 7.0 8.5

ISOLATION, dB TYP. MIN.
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LO-IF 18 10

3.7-4.2 GHz LO-RF 25 20
LO-IF 18 10

SIGNAL 1 dB Compression level +1 dBm
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[From page 76] DIGITAL RADIO

ing and separating networks. The
five-resonator sideband selection
filter between the upconverter and
the power amplifier uses the same
technology.

The channel separation is a-
chieved at 11 GHz with waveguide
directional filters.® Such filters
contribute less loss than circula-
tors to the “through” channels. A
conventional waveguide filter is
used for sideband selection.

— Receiver

Because DR-630 uses a low
noise GaAs FET preamplifier in
the 6-GHz common receiving
waveguide run, it is convenient to
define noise figure and system
gain referenced to the input of
this RF preamplifier. The 6-GHz 2
stage GaAs FET preamplifier (Fig-
ure 9) has a nominal gain of 15dB
and noise figure of 2.8 dB. An auto-
matic bypass network limits the
signal loss to 10 dB in case of
device failure or power loss.’
Locating this amplifier ahead of
the channel separation filters has
the advantage of masking the fil-
ter losses and blocking the image
noise response. The use of a low
noise preamplifier allows a broad-
band medium performance down-
converter to be used. The mixing
device is a Schottky barrier diode
and the noise figure of the mixer
plus IF preamplifier is about 10
dB. An overall receiver noise fig-
ure of 4 dB is achieved at 6 GHz.

At 11 GHz, the use of a high
performance GaAs Schottky bar-
rier diode with tuned image rejec-
tion results in a downconverter
noise figure of 6.6 dB. The overall
receiver noise figure including
channel separation losses is 9 dB.

After conversion to the 70-MHz
intermediate frequency, the sig-
nal is bandlimited and the enve-

Fig.9 Two stage 6-GHz RF preamplifier.

fections resulting from RF filtering
are equalized.

The primary purpose of the IF
main amplifier is to keep the
receiver output power constant
with varying propagation condi-
tions. This amplifier, shown in
Figure 10, has been realized as a
thin film hybrid integrated circuit.
It consists of four variable gain
stages (each with 0 to 20 dB
range) and an output driver stage.
The use of high frequency tran-
sistors (fr = 5 GHz) as feedback
pair amplifiers results in a wide-
band device with excellent linear-
ity. The gain control is obtained
by using PIN diodes to vary the
amount of negative feedback.

Odd-orderamplitude shape asso-
ciated with multipath propagation
effects is the major contributor to
outage of adigital radio systems.™
A dynamic amplitude slope equal-
izer is used to reduce the first-
order effect of amplitude slope

lope delay and amplitude imper-

Fig. 10 70-MHz AGC amplifier.

o LOW HGH |
" |FREQUENCY| j|FREQUENCY| | o
T BUMP BUMP ouTt
EQUALIZER EQUALIZER | :
L 60 MHz
DET
CONTROL
| so Mz
DET

Fig. 11 Adaptive amplitude equalizer block diagram.
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praused by selective fading. Fig-
ure 11 shows that the circuit
depends on two frequency-separ-
ated samples of the received sig-
"hal spectral density to control a
dair of complementary bump e-
qualizers. Amplitude slopes of +10
B over a 30-MHz band are re-
juced to +1 dB by this circuit.

— Local Oscillators
__ Different design approaches
‘were taken forthe microwave local
oscillators at 6 and 11 GHz. The
same radio equipment used for
=DR 6-30 may also be used in a
long haul-rated heterodyne fre-
quency modulated system (FR 6-
30). In such a system, carrier fre-
Bquency errors accumulate and
thus the individual oscillators must
be very stable (approximately 12
ppm) To obtain this accuracy, a
'1-GHz transistor oscillator is
phaselocked to a4-MHz tempera-
ture compensated crystal oscilla-
_tor, as shown in Figure 12. The 1-
GHz region was chosen so thatan
available digital integrated circuit

Fig. 12 1-GHz phase-locked
oscillator block diagram.

could be used to divide this fre-
quency down to 4 MHz.

The DR 11-40 radio has no com-
panion heterodyne FM analog
radio system. A regenerative dig-
ital system can tolerate larger fre-
quency variations (about +20
ppm), and so, the 11-GHz local
oscillators are not crystal stabil-
ized. Figure 13 shows a 3.7-GHz
bipolar transistor oscillator stabil-

ized by a temperature controlled
barium titanate dielectric resona-
tor.”'" The output of this oscilla-
tor is amplified to about +26 dBm
by a single GaAs FET stage and
multiplied to 11 GHz by a varactor
tripler. Typically a frequency sta-
bility of 2 ppm is achieved over a
0 to 50°C temperature range,
leaving ample margin for aging
effects.

ITVEN l AMPLIFIER +20 dBm
| @11 GHz
| DIELECTRIC ‘ > FREQUENCY
RESONATOR | ISOLATOR MULTIPLIER ——
| OSCILLATOR x3
I OVEN CONTROL CKT I
Fig. 13 11-GHz local oscillator block diagram.
~ TABLE||
IMPORTANT SYSTEM PARAMETERS
ITEM DR 6-30 DR 11-40
Radio Frequency Band 5.925-6.425 GHz 10.7-11.7 GHz
Overall Bit Rate 90.524 Mb/s 90.524 Mb/s
Modulation Format 16-QAM 16-QAM
Transmitter Power +29.0 dBm +34.0 dBm
(at the antenna port)
Noise Figure 4.0 dB (at RF 9.0 dB (at dropping
Preamp input) filter input)
Receiver Threshold -78 dBm -73dBm
(typical at BER =107
System Gain 107 dB 107 dB
(typical at BER=107°)

[Continued on page 80]
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[From page 79] DIGITAL RADIO

Oscillators for digital radio ser-
vice must not exhibit phase dis-
continuities. Such an event can
cause loss of carrier recovery
phaselock loop synchronization.
To avoid these transient effects,
each 1-GHz phaselocked oscilla-
tor is screened via temperature
cycling, and each 11-GHz gener-
ator is aged and monitored for
one week before system use.

System Performance

Typical systém parameters of
DR 6-30 and DR 11-40 digital
radio systems are presented in
Tablel. Itis of interest to examine
error performance versus the sig-
nal-to-noise ratio, shown in Fig-
ure 14 for back-to-back terminals,
a DR 6-30 System,and a DR 11-40
system. Also plotted on thls figure
is the theoretical curve.'® The 18-
dB S/N ratio, at a BER of 107°,
translates to a system gain of 107
dB, either with a4-dB noise figure
and +29 dBm transmitter power at
6 GHz or a 9-dB noise figure and
+34 dBm at 11 GHz.

107 dB SYSTEM GAIN

THEORETICAL

10 TERMINAL

+ DR 6-30

TERMINAL
+ DR 11-40

-
o
(
o
T

BIT ERROR RATE
s
&
T

TERMINAL \

/ALONE |
\
\

-
o
y

-8 1 L
W N W o Moe .
SIGNAL TO NOISE RATIO (dB)

Fig. 14 Bit error rate characteristics.

The long term error rate per-
formance (unstressed by thermal
noise) of digital radio systems is
important if data service is to be
carried. This performance cor-
responds to the “tail” of the BER
curve (BER <107%), correspond-
ing tovery large S/N ratios. Using
a statistical model for system
errors,’ itis possible to show that
the 21% eye opening to the 107°
BER point of DR 6-30 predicts a
long term system error rate of
about 1 x 107", Verification tests

of the statistical error model ong

actual systems have shown this
method to be a good predictor of
the system long term error per-

formance. Some additional deg-!

radation is expected from the
amplitude and delay shape of the
antenna system. However, expe-_
rience has shown that a properly
engineered antenna system will
not degrade the Iong term error
rate to less than 107’
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Introduction

The MAR-6C is an all solid-
state IF heterodyne microwave
radio with a transmission capac-

( HIGH-DENSITY
SOURCE

; MOD
4 OSCILLATOR

n MICROWAVE JOURNAL ¢ AUGUST 1982

ity of up to 2400 message chan-
nels in the 5925 to 6425 MHz fre-
quency band.' With a transmit
power of +37 dBm and a receiver
noise figure of 5 dB, the MAR-6C

is able to meet the Bell long-haul

\  DOWN-
CONVERTER

LOCAL
OSCILLATOR
UA-62C-3

VOLTAGE
REGULATOR

LY M POWER
CONVERTER 5 AMPLIFIER

|| roca ¢
OSCILLATOR)

Fig. 1. MAR-6C simplified schematic.

noise requirements.? As shown in
the simplified schematic of Figure
1, the basic MAR-6C radio con-
sists of atransmit/receive subsys-
tem configured as a through-re-
peater, i.e. the receiver output

g
1
= e

[Continued on page 86]
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|From page 85] ANALOG DESIGN

Fig. 2A. MAR-6C 4 T/R/R rack.

feeds the transmitter up-converter
input within the subsystem. Fig-
ure 2 shows a photograph of the
transmit/receive hardware.

This paper concentrates on the
state-of-the-art solid state design
of the microwave circuitry em-
ployed throughout the radio.

—

Microwave Module Descriptions _

Down-Converter

The MAR-6C down-converter
shownin Figure3 providesanom-
inal 26 dB RF-to-IF gain and
includes a GaAs FET low-noise
amplifier (LNA) which sets the
overall down-converter noise fig-
ure to 3.5 dB maximum. The LNA
consists of a single stage with a
nominal 10 dB gain and a 2 dB
noise figure. A single adjustment
optimizes the noise figure of the
LNA in the center of the 5.9t0 6.4
GHz band, resulting in a unit that
is broadbanded, i.e., no adjust-
ments are necessary on any fre-
quency used within this band.

The mixer itself is a single-
sideband design.>* This precludes
the need for an image filter
between the LNA and mixer, thus
permitting the simple, compact
broadband frequency design
achieved. The mixer outputs two
70 MHz signals that are 90 de-
grees apart in phase. These two
signals then pass through a quad-
rature hybrid, where they are
properly summed. The unit is
strapped to select the upper or
lower sidebands as required.

Fig. 2B. MAR-6C subsystem closeup.

The final IF signal next passes
through a low-noise IF pre-am-

plifier internal to the down-con-

verter. This IF pre-amplifier pro-
vides a constant impedance ter-

mination for the mixer. In addition,

itisinternally automatic gain con-
trolled so as to keep from over-
loading the following circuits dur-
ing up-fades or hot path condi-
tions. By keeping the RF LNA

[Continued on page 88]
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[From page 86] ANALOG DESIGN

gain at 10 dB, overloading of the
input stage is virtually impossible.

Local Oscillator

The MAR-6C local oscillator
(Figure4) consists of a waveguide
cavity containing a bipolar tran-
sistor used as the source of RF
energy. The waveguide cavity is
mechanically tunable over the full
5925-6425 MHz range. A sample
of the RF output is coupled into
the AFC circuitry, where it is mixed
downto an intermediate frequency
of approximately 25 MHz. This IF
signal isthen amplified and passed
through adigital divider to aphase
detectorwhich generates anerror
voltage. This error voltage is fil-
tered, amplified, and then applied
to avaractor diode within the cav-
ity so as to control the final cavity
frequency.

The entire AFC, including the
comb generator and microwave
mixer, is contained on a G-10
printed circuitboard. The 116 MHz
crystal oscillator and doubler are
contained on a single thick-film
hybrid. The frequency of the L.O.
is determined by the crystal
frequency.

Up-Converter

The MAR-6C up-converter lim-
its the incoming 70 MHz signal
and then mixes it with the L.O.
signalasshown in Figure5.The0
dBm, 70 MHz IF signal from the IF
amplifier first passes through a
buffer amplifier that has approx-
imately 14 dB gain. The signal is
then symmetrically limited, am-

Fig. 3 MAR-6C LNA/SSB down
converter.

plified to +14 dBm and applied to
the mixer. Also included in the
up-converteris a70 MHz quieting
oscillator. This is a simple crystal
oscillator that is enabled by the
receiver squelch alarm. When the
receiver squelches, no 70 MHz
signal is present. The quieting
oscillator is enabled to keep the
RF signal present. This is neces-
sary since loss of the RF signal
would cause receiver squelching
in the next downstream receiver,
i.e. RF continuity would be lost to
the entire section.

The local oscillator signal for
the up-converter reaches the mixer
diodes by way of a balun (Figure
6). Two of the diode terminals
are connected to the two conduc-
tors making up the balanced line.
Thelimited 70 MHz IF signal is fed
to the diode center tap. The out-
put dual balun then transforms
the signal back to a single-ended
configuration. This balun arran-
gement provides very good isola-
tion properties. The pump signal
is isolated from the mixer output,
since the energy on the two con-
ductors making up the balanced
feed is 180 degrees out of phase,
thereby cancelling at the diode
center tap. In the other direction,
the 70 MHz signal cannot propa-
gate back through the balun since
the balanced line is effectively at
ground to the IF signal.

The RF isolation from the IF
input is provided by an RF reject
filter. This filter looks like an open
circuit at RF, yet permits passage
of the 70 MHz IF signal. The final
RF output from the mixer con-
tains both an upper and lower
sideband. An external 4-pole
coaxial filter is used to select the
desired sideband. In addition, this
filter also includes reject notches
at plus and minus 70 MHz about
the RF signal to eliminate the
possibility of interfering tone in
the next-to-adjacent downstream
receiver.

A photograph of the up-con-
verter is shown in Figure 7.

FET Power Amplifer

The MAR-6C FET power ampli-
fier shown in Figure 8 provides a
37 dB power gain to the up-con-
verted RF signal.

The 0 dBm frequency-modu-
lated RF signal from the up-con-
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[From page 89] ANALOG DESIGN

obtain the desired 5 watt output
level. The preamplifier, driverand ¥
final amplifier sections are iso-
lated from each other by micro-
strip circulators. In addition, an _
outputisolatoris provided to pro-
tect the output devices in the
presence of poor return loss.

The two couplers are incorpo-
rated into the amplifier output
stage. One is calibrated and used
for power output monitoring and
frequency checks. The other feeds g
a detector, the ouput of which is
monitored by an alarm circuit to
sense a power failure.

The gate voltages are provided |
by adjustable voltage dividers, as
are the drain voltages on the pre-
amplifier stage. The drain voltage |,
circuits are equipped with a safety
circuit that prevents the applica-
tion of drain voltages before the
gate bias voltages are applied.

Fig. 7. MAR-6C upconverter.

verter enters the amplifier through
the SMA input connector and is
launched through a microstrip
isolator to a 2-stage preamplifier.
This preamplifier provides low-
noise amplification with approx-
imately 20 dB of gain. Another 14
dB of gain is provided by the fol-
lowing 2-stage driver amplifier.
Thedriver ouputis fed to the tinal
amplifier stage, where it is first
splitand then applied to the paral-
lel 3 watt output FET’s. The two
outputs are combined in order to

Fig. 8. MAR-6C FET power amplifier.
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Fig. 9. MAR-6C high density source block diagram.
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Fig. 10. MAR-6C high density source.

- The FET power amplifier is a

broadband unit. It covers the full
500 MHz band between 5925 and
6425 MHz.

B N N -

L. .a

Subbaseband Transmit Source
The MAR-6C subbaseband trans-
mit source may be used in place
of a local oscillator as a pump for
the up-converter. It generates an
RF signal and provides the means
to modulate this RF signal with up
to60 channelsinthe 40 to 300 kHz
range. This source incorporates
the local oscillator as illustrated
in Figure 3, with the addition of a
modulating varactor in the oscil-
lator cavity and an external sub-
baseband amplifier.
Subbasebandinformationinthe
40 to 300 kHz range is applied to
the unit at a nominal -45 dBm
level through a 75 ohm connec-
L tor. The signal is amplified, fil-
tered, and finally applied to a
. modulation varactor in the RF
cavity. Low noise amplification is
“% requiredto keep the fixed noise of
the source low. A 300 kHz active
1 low-pass filter prevents harmon-
ics of the subbaseband informa-
tion from falling into the revenue
carrying baseband of the radio.
Also, the bias on this modulation
. varactoris adjusted to provide flat
linearity, so the modulation var-
actoritself does not generate these
unwanted harmonics.

L 4

4

an 8

High Density Transmit Source
The MAR-6C high density trans-
mit source generates a signal in
"% the 5925 to 6425 MHz band and
provides the means to modulate

. MICROWAVE JOURNAL ® AUGUST 1982

this RF signal with a baseband
signal comprised of up to 2400
channels. This source is typically
used at terminals where it drives
the power amplifier directly; and
in an IF heterodyne transmitter at
repeaters with high density drop
and insert, where it drives the up-
converter. Refer to Figures 9 and
10.

Baseband information in the 40
kHz to 14 MHz range is applied to
the source at a -45 dBm nominal
level. This information is first
passed through a baseband ampli-
fier, where it is amplified approx-
imately 27 dB. The signal is then
applied to the modulation varac-
torinthe RF cavity. The baseband
amplifier is dc-coupled. The dc
bias voltages are monitored by a
window detector, which generates
an alarm should the bias point
change.

The RF cavity itself operates
between 1975 and 2142 MHz. A
bipolar transistor is the source of
RF energy. Thesourceisrunatan
output level of approximately +27
dBm. This output level is padded
down by 10 dB and then applied
to a frequency tripler in order to
achieve the final 6 GHz output
frequency. The high level source,
in conjunction with the pad, is
necessary in order to provide iso-
lation of the source from the tripler.
Inadequate isolation causes
source pulling, which degrades
linearity and subsequently causes
undesirable distortion.

Summary

The hardware aspects of the
individual microwave modules com-
prising the Rockwell MAR-6C
radio have been discussed. State-
of-the-art designs were utilized in
all cases resulting in units which
combine high performance with
low cost.
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Introduction

With the rapid growth of solid-
state optoelectronics and optical
fiber technologies, fiber-optic
communications have progressed
into gigabit (Gb/s) digital and
microwave analog systems. Mu-
tually advantageous enhancements
in optical fiber and GaAs tech-
nologies make the evolution of
microwave fiber-optic communi-
cations even more promising.

Despitethe general trend toward
digital transmission, there are
attractive immediate potential
applications foranalog fiber-optic
transmission due to its compati-
biltiy with other existing analog
transmission systems. The con-
sideration to use analog trans-
mission is further facilitated by
such advantages as the narrower

bandwidth required, the absence
of complex timing and synchron-
ization circuitry, and additional
design and fabrication simplifica-
tions which could lower manufac-
turing cost and reduce system
size and weight.

Microwave analog fiber optics
have many applications, and as
illustrated in Figure 1; most of
these applications have been
practically implemented. Com-
mercially, multiplexed video sig-
nals and RF carrier transmission
are well suited to satellite com-
munications terminals’ and mic-
rowave radios while fiber-optic
sensors provide several unique
advantages. For example, using a
laser diode (LD) transmitter and
anavalanche photodetector (APD)
or metal semiconductor field-
effect transistor (MESFET) re-
ceiver, the wideband fiber-optic
link is capable of transmitting more
than 20 channels of high-quality

SATCOM
TERMINAL

EMP
MONITORING

REMOTE:
INJECTION-LOCKED
OSCILLATOR

RADARS

REMOTING 2 PPI}'I?EEGRATION
REMOTING
SOMMURIEA LIONS AND gecov e TRANSVERSAL
FILTER
¢ DIRECT-
SEQUENCY
GENERATOR
ACTIVE nal‘::&g\ml\ge N@J\E?lgfo DELAY LINES
ERTURE
e TELEPHONE MEASUREMENT,

e MEMORY LOOP

e TAPPED DELAY
LINE

e ELINT

ELECTRONIC
WARFARE

APPLICATIONS THAT
HAVE BEEN IMPLEMENTED

Fig. 1. Major microwave fiber-optic applications.
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video signals. Both CATV? and C-
band TVRO have been demon-
strated using fiber cable. Con-
ceivably, the analog fiber-optic
link could also become attractive
in conjunction with K-band (12
GHz) TVRO and high-definition
TV channels, as well as with the
Satellite Business Systems (SBS).

In military applications, jam-
ming-resistant, spread-spectrum
microwave and millimeter-wave
communications and target ac-
quisition systems, for example,
can directly transmit information
at RF carrier frequency through
fiber cable with favorable signal-
to-noise ratio (S/N) and dynamic
range while minimizing transmis-
sion losses. The microwave fiber-
opticlink is also practical for elec-
tronic countermeasures (ECM)
and radar signal processing.®
One application of the microwave
fiber-optic Electronic Intelligence
(ELINT) istolink the antenna/low-
noise front end and the channel-
ized receiver, using the fiber-optic
cable’s large bandwidth to pre-
serve the information fidelity of
incoming signals and prevent
undesirable EMI and common
grounding problems.

System Design Criteria

For the same transmission qual-
ity the analog system requires a
larger S/N than it digital counter-
part. Therefore, S/N optimization
over the operational bandwidth
deserves special attention in ana-
log system design. There are four
basic noise sources associated
with the fiber-optic microwave

transmission channel,® which are:

e Laser Noise— Total LD inten-
sity fluctuations caused by
optical reflections from laser/
fiber and fiber/fiber interfaces
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NOISE TYPE
Laser Noise

Partition Noise
Modal Noise

Delay Noise

TABLE 1. DESIGN CONSIDERATIONS FOR REDUCING LD NOISE
NOISE REDUCTION APPROACHES

Use of an optical isolator

Reduction of the coupling efficiency between the LD and the optical fiber

Use of a single-mode LD
Use of a single-mode fiber (preferable)

Use of amultimode fiber with large number of modes (next best alternative)

and of an LD with broad spectrum width (multimode)
Optimization of coupling between fiber and photodetector
Improvement of connector and splice alignments
Reduction of the total number of connectors, splices, couplers and splitters

Thermal stabilization of LD
Use of a broadband optical fiber

f Military communications switches\

by Sector Motor Industries.

Highest reliability for
non-redundant locations.
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e Dual Switch
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® Low Loss
High Isolation
Low Weight
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Write or call Vic Nelson for details
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999 Grand Blvd., Deer Park, L.I., N.Y. 11729
(516) 242-2300 e TWX: 510-227-6075
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back into the laser resonator.
This noise is phase, amplitude
and frequency dependent.
Partition Noise — Individual
wavelength intensity fluctua-
tions with constant total spec-
tral intensity. As a multimode
laser is modulated, the inten-
sity of each wavelength can
fluctuate, redistributing its
energy to other modes. Con-
tributing factors are (a) multi-
mode (longitudinal) emissions
from the laser, (b) individual
mode amplification fluctua-
tions, and (3) wavelength de-
pendent losses within the trans-
mission channel. Modal inten-
sity perturbations are influenc-
ed by laser thermal conditions,
signal reflections into the LD
resonator, aging, operating
point, and other LD-related
conditions.

Modal Noise — Undesired
modulation of guided light in-
tensity arising from multipath
effects in a multimode fiber.
The speckle pattern of this fiber
randomly fluctuates with time
at the output spatial filter plane
under three conditions: (a) a
source spectrum sufficiently
narrow to permit light guided
in different modes to interface
at the fiber output plane, (b)
some form of spatial filtering at
the output plane, such as would
occur with a misaligned con-
nector, splice, coupler or split-
ter which limits the power pass-
ing beyond that plane, and (c)
either asource wavelength shift
or movement of the fiber.
Delay Noise— Jitterinthetime
of arrival of optical pulses
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transmitted through long opti-
cal fibers. Thisdelay noise may
significantly deteriorate the bit
error rate of high-data rate
systems.

Both electronic compensation
and optical feedback methods
have been applied to minimize LD
noise sources. However, neither
of these is practical for high-
frequency, long distance opera-
tion. Some system design con-
siderations for efficiently reducing
LD noisearegiveninTable1.The
best approach in microwave fiber-
optic design is to use the combi-
nation of atemperature stabilized
single-mode LD, a single-mode
fiber cable, and an optical isolator.

Performance of wideband an-
alog fiber-optic systems is also
sensitive to nonlinear distortion,
delay distortion, system frequency
response flatness, and impedance
matching. Component nonlinear-
ities cause harmonic and inter-
modulation product (IMP) distor-
tions, and inadequate delay and
gain flatness cause AM-to-PM
conversion. The impedance
matching of the fiber-optic trans-
mitter/receiver circuit design de-
termines system input/output
VSWR’s, noise and their modula-
tion and detection efficiencies.

ey
INPUT
RF A LEDORLD
CHOKE DC BIAS
RF FOR LED'S

A 4 CHOKE

NONLINEARITY
COMPENSATION

DIODE
INPUT> )
LED OR LD
CHOKE i
RF BIAS
o

CHOKE

NONLINEARITY
COMPENSATION
DIODE

Fig.2. Diagram of “Antiseries” compensa-
tion to reduce LD and LED nonlinearity.

Nonlinearity of fiber-optic sys-
tems arises from the LD, the LD
driver, and the postdetector am-
plifier. Proper transistor selection
and circuitdesign can significantly
improve the linearity of an LD
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driver and postdetector amplifier.
Inherent nonlinear junction ca-
pacitance, power versus current
relationship, and thermal gradient
of the LD, all create undesired
harmonics and IMP’s. All lineari-
zation approaches such as feed-
back, feedforward,® quasi-feed-
forward,” balanced compensa-
tion,® and circuit predistortion®
require precision fabrication pro-
cesses orexpensive device charac-
terization. An inexpensive “anti-
series” push-pull technique'® has

been used to reduce LD nonli-
nearity. As depicted in Figure 2, a
compensation diode of opposite
polarity is inserted in RF series
with the LD. The direct currents
through the diodes are in parallel
and areindependently adjustable.
Without linear compensation, the
second and third-order IMP’s of
a two-tone test were 24 dB below
the carrier, while with the com-
pensation network, IMP’s better
than 60 dB below the carriers

were obtained. [Continued on page 96]
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* rugged...meets MIL-STD-202
* hi-stability, thick-film construction
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« flat frequency response...
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[From page 95] FIBER OPTICS

Either a high-speed APD or a
MESFET is suitable as the micro-
wave photo-detector. The MES-
FET offers the advantages of low
noise, low bias voltage, wide
operational bandwidth, moderate
amplification gain of approxi-
mately 10 dB, and high dynamic
range,'’ whilethe APD has arela-
tively high gain of approximately
20 dB. Since the multiplication
gain of APD varies with ambient
temperature and bias voltage, a
temperature/voltage stabilization
circuit should be included in the
wideband fiber-optic receiver
design. The optimization of the
receiver noise performance, gain
flatness, output VSWR, and phase
linearity can be accomplished
using CAD techniques.

Microwave Fiber-Optic Systems

By applying the previously de-
scribed principles of noise reduc-
tionand nonlinearity minimization,
in conjunction with the practical
technologies of source-fiber
coupling efficiency improvement
and temperature compensation,
several microwave fiber-optic sys-
tems have been fabricated at the
Harris Corporation.
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Fig. 3. 5-GHz transmitter and receiver
linked by optical fiber cable with single
amplifier stage shown in foreground.

5 GHz Fiber-Optic Link

At the leading edge of micro-
wave fiber-optic technology, an
unprecedented 5.0 GHz fiber-optic
system which uses a 1 km single-
mode fiber for antenna remoting
and decoy applications has been
demonstrated and is shown in
Figre 3. A fast-response, single-
mode LD is the optical source,
while a silicon APD, mounted in a
microwave package, having a
response time of less than 100
picoseconds (ps) serves as the
photodetector.

The 5 GHz wideband LD trans-
mitter and APD receiver circuits
are designed and optimized using
measured device data. A com-
puter-controlled network analyzer
measures the impedance of the
LD, APD, and MESFET over the
4.0 to 5.0 GHz frequency range at
various bias conditions. However,
great care must be exercised to
eliminate or account for other fac-
tors which can cause measure-
ment error, such as variations of
LD threshold current and APD
multiplication gain as a function
of temperature.

The GaAs MESFET is ideally
suited for use as a current driver
for the microwave LD transmitter.
Thefirst-stage, low-noise MESFET
driver amplifies the incoming RF
signal to obtain the required
modulation index, while the
second-stage driver provides cur-
rent amplification and LD impe-
dance matching from 50 Ohms to
4 Ohms. These driver stages are
fabricated in a microstrip config-
uration on aluminasubstrates. To
reduce nonlinearity, an antiseries
push-pull circuit, described pre-
viously, is incorporated in trans-
mitter design.

Due to a number of factors,
coupling efficiency between the
LD and the single-mode fiber is
inherently poor. However, fitting
a microlens at the end of the fiber
improved coupling efficiency to
better than 15 percent.

To obtain optimum power out-
put, modulation depth, and linear-
ity, the LD threshold current must
be maintained at a constant value
during ambient temperature var-
iations. Two approaches are used
simultaneously to stabilize the LD
threshold current. The first relies
on tapping the forward propagat-
ing optical signal from the fiber
cladding to feed a PIN photodi-
ode monitor. A feedback circuitry
to the LD dc bias maintains con-
stant light output relative to the
reference channel. The second
approach uses a thermistor di-
rectly under the LD to sense
temperature changes. Its output
is routed through appropriate
control circuitry and back to con-
trol the thermal electric cooler,
and thus the LD bias current.
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A microwave packaged APD
with extremely fast response time
serves as the detector in the
receiver. The APD requires ther-
mal compensation because its
multiplication gain is also a func-
tion of temperature.® The APD is
impedance matched to the low-
noise MESFET post-detection
amplifier stages to ensure low
noise, low mismatch loss, low dis-
tortion, and wideband operation."’

A 1 km, single-mode optical
fiber cable with 2.1 dB loss at 840
nm has been used for 5 GHz
transmission with a 600 MHz
bandwidth. The initially obtained
50 dB S/N in a 100 kHz window
was instrumentation limited, and
therefore the obtainable perfor-
mance is expected to be substan-
tially better.

700 MHz Fiber-Optic Link

A 700 MHz fiber-optic link with
a 500 MHz bandwidth has been
fabricated for spread-spectrum
military SATCOM integrated ter-
minal applications.'? Basic com-
ponents of the link are the LD
transmitter, APD receiver, and 1
km of graded index fiber with a 3
dB bandwidth of 1825 MHz and a
loss of less than 3 dB at 860 nm.

One critical basis for LD selec-
tion is that its output be free from
kinks. Kinks are nonlinearities in
LD output power versus current
characteristics, and are caused
by interactions between the laser
modes. To prevent these nonli-
nearities and improve reliability,
the LD must have a narrow stripe
width of 5 um or less."®"* Addi-
tional considerations were:

e Low threshold current
e Temperature effects

e Output power

* Frequency response

The selected device had no
perceivable kinks, a threshold
current of 30 mA, a modulation
depth of approximately 70 per-
cent, and a coupling efficiency of
20 percent based on a facet power
of 2 mW. The transmission band-
width extended from 450 to 1000
MHz and was limited at these
points by the LD driver amplifiers.
Thin-film amplifiers were chosen
for their low noise and high inter-
cept point. To minimize mismatch
losses, the LD was impedance
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matched to the 50 Ohm driver
amplifier.

The LD transmitter features a
precision 3-axis adjustment
scheme for optimizing LD/fiber
alignment. The same cladding
mode tap approach used in the 5
GHz system was applied to com-
pensate LD output power as well
as threshold current over tem-
perature.

The fiber-optic receiver para-
meters are selected for the desired
system performance characteris-
tics: noise level, link sensitivity,
bandwidth, and dynamic range.
An APD for this application must
have alow noise equivalent power
(NEP), large active area, fast
response time, and relatively low
bias voltage.15 The one chosen
forthe 700 MHz link has an NEP of
1x107"*Watt/\/Hz, an active area
of 3 x 1072 square millimeters, a
rise time of less than 500 ps, a
breakdown voltage of approxi-
mately 150 Volts, a gain-bandwidth
product of about 800 GHz, and a
quantum efficiency of approxi-
mately 77 percent. An impedance
matching network interfaces the
APD to four thin-film output amp-
lifier modules which are chosen
so that the first stage has a low
noise figure and the last stage has
ahighintercept pointto minimize
IMP.

The complete link performed as
follows:

e +1.1 dB frequency response
flatness across the 450 to 1000
MHz band

e 53 to 58 dB S/N in a 300 kHz
bandwidth

e No measurable IMP at a -40
dBm input level

70 MHz Fiber-Optic Link
High-performance 70 MHz
fiber-optic links have been used
in conjunction with military and
commercial microwave radios,
radars, and satellite terminals.
These 70 MHz links with a band-
width of up to 40 MHz offer the
well known advantages of fiber-
optic transmission, particularly
immunity to interference, low
delay distortions, ease of instal-
lation, increased communication
security, cost effectiveness, and
high reliability. The fiber-optic
system used with the Geostation-
[Continued on page 98]

directional
couplers

19.5dB

0.1 o 2000 MHz
only $79% .4

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

e rugged 1% in. sg. case

* 4 connector choices
BNC, TNC, SMA and Type N

e connector intermixing male
BNC, and Type N available

* [ow insertion loss, 1.5 dB
» flat coupling, £1.0 dB

ZFDC 20-5 SPECIFICATIONS
FREQUENCY (MHz) 0.1-2000

COUPLING, db 1956

INSERTION LOSS, dB TYP. MAX.
one octave band edge 0.8 1.4
total range 1.5 2.3
DIRECTIVITY dB TYP. MIN
low range 30 20
mid range 27 20
upper range el 10
IMPEDANCE 50 ohms

For complete specifications and performance
curves refer to the 1980-1981 Microwaves Product
Data Directory, the Goldbook or EEM

For Mini Circuits sales and distributors listing see page 69

finding new ways. ..
setting higher standards

[JMini-Circuits

A Division of Scientific Components Corporatio
World's largest manufacturer of Double Balanced Mixer.

2625E. 14th St. B’klyn, N.Y. 11235 (212) 769-020(
C 87-3 REV. ORIG

CIRCLE 78 ON READER SERVICE CARD 97



[From page 97] FIBER OPTICS
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Technical Note

Calculator Program for
Impedance Matching

Wilfred J. Remillard
Dept. EE Northeastern University

Introduction

When one first encounters the
concept of impedance matching
by means of adding a series sec-
tion to a transmission line, he
usually employs the quarter-wave-
length technique. If the character-
istic impedance of the line is Zo
and the impedance to be matched
is Zr =Rg tjXg, then the character-
istic impedance of the matching
section Z; will be the geometric
mean of Zo and Zg,

21 =\ ZoZn (1)

and the length of the section will
be a quarter of a wavelength. This
technique is described in most
texts on transmission lines'?, and
in many texts on acoustics®*. One
finds, however, that Zg is usually
complex (i.e., it has both resistive
and reactive parts). Thus, Z; will
also be complex. Since most
transmission lines and acoustic
material have real characteristic
impedances, this technique is not
practical.

To produce a real value for Z4
another method is often used.
The added quarter-wavelength
section is not connected directly

Boston, MA
Zo Z, Z, Zq
L2 L,
Figure 1

Series matching section Z; in line Z,.

to Zg but is inserted in the line a
distance from Zg such that the
impedance looking in toward the
load at this point is real, say R.

Then
Zie e (2)

which gives areal value for Z, if Zo
is real. .. as it usually is. The
trouble with this method is that
we cannot always find a line or
acoustic material with character-
istic impedance equal to Z;.
Regier®® takes a third approach,
the one we will describe in this
paper. In this method one has Zo,
Zg, and Z, and attempts to deter-
mine the length of the section L»
(in wavelengths) and the distance
Ly (in wavelengths) from Zg. It
should be noted that not all com-
binations of Zo, Zr, and Z; will
lead to a feasible solution. The TI-
59 calculator program presented
in this article determines L1 and L»

(Figure 1), and it also indicates if
the input data will lead to a feasi-
ble solution.

Design Equations®

We first normalize the real and
imaginary parts of the load impe-
dance, and the characteristic im-
pedance of the line.

Thus,
r= Ra/Zo (3)
X = Xp/Zo (4)
21 =24/Zo (5)

We then determine the interme-
diate quantities

B = {[[r-1)*+x*]/[r(z1-1/21)?
-(r-1)%-x2]}"2 (6)
and

A= [(Z1'|’/Z1)B+X]/[r+21 B-1 (7)
Finally, the required lengths, L,

and L, are obtained from

L2 =(tan™ B) /2 (8)
Ly =(tan™' A) /2 (9)

Equations (3) through (9) can
now be used to write a computer
or a calculator program to deter-
mine Lz and L,y given Rg, Xg, Z1,
and Zo. In the next section we will
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Figure 2 TI-59 calculator program for impedance matching.
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presentaprogram for performing
this task on a T1-59 calculator.

Calculator Program

The program listing is given in
Fig. 2. To run this program enter
the value Z, for the characteristic
impedance of yourline, then press
A. Next enter the real part of Zg
and press B. Follow this by enter-
ing the imaginary part of Zg and
press C. Next enter Z, and press
D. Finally, when you press E, L>
will be displayed, and when you
press A’, Ly will be displayed. If a
set of values for Zo, Rg, Xg, and Z4
is chosen which does not allow a
feasible solution, then L will be
displayed as a negative number.

Example

In this example, Zo =100, Zr = 80
+j20, and Z, = 70. Enter 100 and
press A; enter 80 and press B;
enter 20 and press C; enter 70 and
press D. Finally, when you press
E, L. will be displayed as
.0714558420, and when you press
A’, Ly will be displayed as
.0159902472.

If in the above example we had
used Z = 90 instead of 70, the
value for L, would be displayed as
anegative number, indicating that
you cannot use a 90-ohm section
of line to match the given load to
the 100-Ohm line.

Conclusions

Regier's method is difficult to
implement with Smith charts as it
requires the use of the chart in |ts
unfamiliar off-center mode®.
Because the program presented
is easy to use, and the results are
very accurate, it should be useful
to microwave engineers and
acousticians. The program has
been thoroughly checked for cor-
rect and accurate results.
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Technical Feature

217 GHz Phase-Locked Impatt

oscillator

J. M. Cadwallader, M. M. Morishita and H. C. Bell

Hughes Aircraft Company
Electron Dynamics Division
Torrance, CA

A stable, low-noise phase-locked
millimeter-wave IMPATT oscilla-
tor operating at 217 GHz was de-
veloped. The system utilizes a
state-of-the art CW IMPATT
millimeter-wave source to gener-
ate the required output power and
frequency, and a low frequency
stable crystal controlled reference
oscillator and associated elec-
tronics to precisely phase lock
the millimeter-wave source.

Introduction

Millimeter-wave systems devel-
opment has become increasingly
important and active in recent
years. The key elements required
for systems are millimeter-wave
sources. IMPATT oscillators have
already been developed and
operated at frequencies beyond
200 GHz." Many systems require
stable, low-noise sources.” To
meet the requirement, we have
recently developed a phase-locked
IMPATT oscillator operating at
217 GHz:

A simplified block diagram of
the phase-locked system is shown
in Figure 1. A bias-tuned CW
IMPATT VCO provides the sys-
tem’s output signal Fre at a nomi-
nal 217 GHz which is sampled at
the crossguide coupler and fed to
the RF port of the harmonic mixer.
At the harmonic mixer this signal
is mixed with the twelfth harmonic

106

of a local oscillator signal F o at
about 18 GHz and heterodyned
down to a VHF intermediate fre-
quency Firof about 100 MHz. The

18-GHz local oscillator signal Fro
is derived from a high-stability
VHF reference crystal oscillator
Fr,and a phase-locked microwave

REFERENCE
CRYSTAL
OSCILLATOR

Fr=100.416 MHz

A

LOW PASS .| POWER i PHASE-LOSHED
FILTER SPLITTER > WSAOwAYE
SOURCE
’ (X 180)
R
ELECTRONICS ASSEMBLY REFERENCE
it St e T e e i ey e 2 Flo=
| ! 18.075 GHz
: PHASE o IF :
: DETECTOR . AMPLIFIER | |
|
1
[
]
|
: cos.z:—l SIN ¢ __J_..___J
: I
] v : Fie v
: THRESHOLD FILTER :
COMPARATOR LOOP
! AND RAMP AND | g
! GENERATOR AMPLIFIER ! IF (X12)
: I_‘ ‘_1 | OUTPUT
| I
i ) t
i SUMMING ,
| NETWORK | Fre=
! : 217 GHz
|
Sl (o pe BB R T
v
BIAS-TUNED 20 dB o
213{1@2: =% —> [ DIRECTIONAL —-'HF
IMPATT OSC. COUPLER
ISOLATOR SR

Fig. 1. Block diagram of 217 GHz phase-locked IMPATT oscillator.
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Fig. 3. Cross section of reduced height
G-band oscillator circuit.

source. The frequency of the ref-
] erence oscillator and the multi-
plying factor of the phase-locked
micro-wave source are chosen so
that when mixed with the desired
millimeter-wave frequency Fgr they
will produce an IF equal to that of
the reference oscillator. A devia-
~ tion of the millimeter-wave tre-
.. quency due to frequency drift or
phase noise will result in a shiftin
. |IF frequency away from the refer-
ence. Any difference in phase
“8 angle beteen Fr and Fr can be
detected by a phase detector and
3 its outputs used as feedback to
u adjust the bias of the millimeter-
wave source to eliminate this dif-
ference, thus phase-locking the
millimeter-wave IMPATT oscil-
& lator.

-

IMPATT Source

The critical component in the
system is the IMPATT millimeter-
wave source. The source must
provide the desired RF output
power, frequency, and tuning
sensitivity in the desired operat-
ing frequency range. The 217-
GHz CW source utilizesadouble-
drift region silicon IMPATT diode.?
The diode package is an open-
type package design to minimize
the parasitic inductance and ca-
pacitance as shown in Figure 2.
The package consists of two
quartz-standoffs with one ribbon
contacting the diode and both
quartz-standoffs. The second rib-
bon bridges the two quartz stand-
offs with the bias pin contacting
this ribbon; it in effect parallels
the diode-contacting ribbons and
reduces the parasitic inductance.
The bridge also mechanically
strengthens the package assembly.

The diode is thermocompres-
sion bonded onto the diamond
heatsink which is pressed into an
OFHC copperslab. Since type l|A
diamond provides a lower ther-
mal impedance than copper,
greater output with high reliabil-
ity can be achieved with the diode
on diamond heatsink.

The oscillator circuit is shown
in Figure 3. The major sections
are the tapered waveguide sec-
tion which transforms from full G-
band height to reduced height
waveguide the reduced height
waveguide section which contains
thediode,and the mechanical tuning
shortsection. The reduced height
section improves the matching of
the device impedance. The other
pertinentcomponents are the bias
pin and the RF choke.

Table | shows the RF perfor-
mance data of the CW source. As
indicated, the output power is
about 15 mW; taking into account
the insertion losses of the isolator
and the crossguide coupler, the
output power of the phase-locked

: TABLE |
RF Performance Data
o
Bias Conditions Frequency Output Power Efficiency
i In(mA)  Va(V) (GHz) (mWw) %
‘ 335 9.75 217.0 15 0.5
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[From page 107] IMPATT OSCILLATOR

HORIZ 20 MHz/div (A) HORIZ 10 MHz/div (C) HORIZ 100 kHz/div
VERT 10 dB/div VERT 10 dB/div BW 10 kHz
BW 300 kHz BW 300 kHz VIDEO FILTER 10 kHz
CENTER 100.4 MHz CENTER 100.4 MHz
TOP -20dBm TOP -17 dBm
VIDEO FILTER 10 kHz

Fig. 4. Downconverter 217 GHz signal
(free-running).

source is reduced to 5 mW.

The mechanical tunability of the
IMPATT oscillatoris approximate-
ly:6:GHz (212 GHz t0'218 GHz)
with the bias current held con-
stant. The electrical tunability is
approximately 3 GHz (215 GHz to
218 GHz) with the tuning shortin
a fixed position. In both cases, the

o438 (B) HORIZ 2 MHz/div (D) HORIZ 10 kHz/div
output power was within 1.0 dB of BW 100 kHz BW 1 kHz
the maximum output The electri- VIDEO FILTER 10 kHz VIDEO FILTER 10 kHz
cal tuning sensitivity is 15 MHz/mA Fig. 5. Downconverter 217 GHz signal (phase-locked).

The most commonly asked
question about radomes is, “Don’t
they affect antenna performance?”

¥ The plain truth is, they do.

They make it superbly consistent.
With an ESSCO radome protecting your antenna,
you can rely on its performance. It won'’t vary.
Weather, on the other hand, plays havoc with an
exposed antenna.
Ice, snow, high winds, even humidity can
have an enormous—and unpredictable—effect.
So if you can’t always count on perfect
weather, you’'d better count
on an ESSCO radome.

Esscol

ELECTRONIC SPACE SYSTEMS CORPORATION
Old Powder Mill Road, Concord, MA 01742
(617) 369-7200 TELEX 92-3480
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with the tuning short near the

diode. The sensitivity decreases

as the tuning short is moved away

from the diode.

Detailed System Description
Referring to the system block

" diagram, Figure 1, the output of
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the reference crystal oscillator Fgr
is split two ways: one output is
applied directly to the phase
detector in the electronics as-
sembly to serve as the phase ref-
erence; the second is applied to
the phase-locked transistor mi-
crowave oscillator. The transistor
oscillator source is itself a phase-
locked system whose output fre-
quency is 180 times the crystal
frequency.

The output of the phase-locked
oscillator Feiois used asthe LO in
the harmonic mixes. The sampled
millimeter-wave oscillator signal
near the desired operating fre-
quency Fge is then applied to the
harmonic mixer and mixed with
the twelfth harmonic of the local
oscillator signal. The phase lock
electronics compares the IF out-
put signal of the harmonic mixer,
F\¢, with the crystal frequency, Fg,
and electrically tunes the IMPATT
oscillator until Fijr becomes iden-
tical to Frto lock at 217 GHz with
the multiplication factors selected,
the required crystal frequency is
100.41647 MHz.

System Performance

Figure 4 shows the free-running
217-GHz IMPATT source down-
converted to 100 MHz as seen at
the IF output of the harmonic
mixer. The unlocked signal band-
width of about 2 MHz (10 dB
points) represents a total frequency
jitter of about 1 part in 107°, (a
remarkably small amount), most
of which is due to power supply
ripple. Such small values of free-
running FM noise makes phase-
locking possible with loop band-
widths smallerthan 10 MHz. Figure
5A shows the downconverted
phase-locked 217-GHz signal.
Notice the reduction of FM noise
content. Figures 5B, C, and D
show the spectrum of the locked
signal with increasing resolution.

Conclusion

The feasibility of phase-locking
on IMPATT source in the 220-
GHz region has been demon-
strated. The applications of this

MICROWAVE JOURNAL ¢ AUGUST 1982

technology include those requir-
ing extreme frequency accuracy and
stability (equal to percentage to
that of the systems reference
crystal oscillator). For example,
frequency calibration, receiver
local-oscillator source, injection-
locking for high-powered CW and
pulsed IMPATT sources and sta-
ble master oscillators for coher-
ent radars.
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