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DESIGN OF A 12 CHANNEL FM MICROWAVE RECEIVER

Abstract

The design, fabrication, and performance of elements of a low
cost FM microwave satellite ground station receiver is described.
It is capable of accepting 12 contiguous color television equivalent
bandwidth channels in the 11.72 to 12.2 GHz band. Each channel
is 40 MHz wide and incorporates a 4 MHz guard band. The modulation
format is wideband FM and the channels are frequency division
muitiplexed. Twelve independent CATV compatible baseband outputs
are provided. The overall system specifications are first discussed,
then consideration is given to the receiver subsystems and the

signal branching network.
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DESIGN OF A 12 CHANNEL FM MICROWAVE RECEIVER

1. INTRODUCTION

1.1 BACKGRUUND

The communication satellite is being seen as an evermore viable
meané of providing an educationz’ communication system. (1)* IF a.
multi-carrier satellite transponder having a 1érge number of va
equivalent bandwidth channels were used in conjunction with a CATV
system it would be pbssibTe to economically disseminate Targe amounts
- of information to many subscribers. In order to implement such a |
system with many points of reception, low cost terminal eauipment
is required. Newman et. al. {2) have suggested the use of multi-
channel, multicarrier ground station receivers to provide the
necessary sateilite to CATY interconnection using one RF carrier
per channel.

Although it is ihtended for use in an educational satel]ité
“network, Tow cost ground receivers such as the one described here
could be used for commercial purposes as well.

This report is concerned with the implementation of a Tow cost

microwave receiver. This receiver is designed to accept 12 contiquous

*The numbers in parentheses in the text indicate references in the
Bibliography.



color television equivalent bandwidth channels in the 11.72 2o 12.2
GHzrband using a wideband FM format and frequency division multiplexing
(FDM) of the channels. Each individual channel is to have a usable
bandwidth of 36 MHz and a guard band of 4 MHz. The receiver provides
an output for each channel compatible with standard video signals
suyitable for use with a CATV headend.

As it is our intention tha:. these receivers find widespread
usage, both in education and commercial systems, a low cost (Tess
than $10,000) is a major design consideratior. For example, a double
conversion scheme is used which allows construction of the channel
dropping filters at L-band, utiiizing stripline techniques which
are more economical than the usc of wave guide or coaxial filters as
required at higher frequencies. Beyond the channel separation

filters, i.e, branching network, the design of each channel is iden-
tical. Straightforward, yet innovative designs were attempted which
use standard components. Identical components have been used as
much as possible to obtain economies of scale. The use‘of tunable
elements has been avoided wherever possible to eliminate the need
for complicated testing and alignment procedures.

- The main emphasis of this report will be on the design of the
branching network and baseband channels along with some discussion
on the front-end design of the receiver. Theoretical performance
~ characteristics based on overall system requirements are determined
for each subsystem. The performance of each subsystem is evaluated to
see how well the specifications are met. In order to lend some per-
spective to the work reported here let us first examine some other

work done in the area of ground station receiver design.



1.2 PREQIOUS RESULTS

General Electric has reﬁorted a single conversion, single
charinel receiver (3) (4). Use of the appropriate converter on the
front end allows for either 2.5 GHz or 12 GHz reception. Thé converter
feeds a 7 stage transistor IF émp1if1er having a center frequency of
120 MHz with a bandwidth of 40 MHz and an overall gain of 45 dB.
Following the IF amplifier is the Timfter which is a single stage
differential amplifier with a low-pass filter at the output. The
discriminator uses open and short circuited 3/& transmission lines
with S-band Schottky diodes as the detectors. The baseband amplifier
is DC coupled to the discriminator to produce the necessary video
output of 1Vpp into 75q.

| Lusignan, et. al. (5) report another single channel, single
,conversion system for use at 2.62 GHz. The front-end down converter
- for this system provides an IF of 120 MHz. The IF Amplifier has a
_25.2 MHz bandwidth and a gain of 60 dB. It is implemented by'a
cascade of four transistor stages with an FET input. All stageé are
transformer coupled. The limiter, which is coupled to the output
of the IF Amplifier through a 3-pole filter, is merely a two stage
differential amplifier running in saturation. The limiter has a
5 dB dynamic range. The discriminator which is directly coupled
to the limiter uses a single 3x/8 short circuited transmiss%on line
and one detector diode. The resulting output suffers at most a 2%
déviation from linearity over a 25 MHz bandwidth centered at 120
MHz.

Another single channel, single conversion system has been

reported by NASA (6). The front-end converter is designed to work



at 845 to 875 MHz and to provide a 70 MHz IF. The IF ampilifier
consists of four cascaded trénsistor stages capacitively coupled.
It has a voltage gain of 75 dB, provides a nominal output of C d4Bm
into 750 and must accept -60 to -30 dBm, 750 inputs. The dynamic
range is 20 dB and the 1 dB bandwidth is 30 MHz. The limiter is a
three stage transistor amplifier emp]oying‘signa1 biased back-to-
back diodes at the output of the Tast two stages. Its operating
input level is G dBm at 752. Tne dynamic range is 15 dB and the
0.5 dB bandwidth is 30 MHz. Two transistors turn the single

ended output of the limiter into 3 balanced output which drives a
Foster-Seely type discriminator which has an output linearity of
3% over the 30 MHz band. A three stage FET amplifier provides a
standard video signal of 1 Vpp into 75%.

RCA {7) has reported the design of a 24 channel spaceborne
transponder for operation at 5925 to 6425 MHz in the receiver mode
and 3700 to 4200 MHz in the transmit mode. The bandwidth of each
of the baseband channels is 36 MHz.

1.3 SYSTEM CONSIDERATIONS

Rased on a report of the results of the 1977 World Administra-
tive Radio Conference (8) and the existing usage of the various
services discussed in that renort, operation in the 12 GHz region
is indicated for television broadcasting from satellites. The
receiver we have designed is to be used in a multicarrier system
where individual TV channels are Frequency Division Multiplexed (FDM)
together in a 11.72 - 12.20 GHz band. Such a system has several
important advantages over a single carrier system. First, it allows

individual TV channels to originate simultaneously from different



programming centers. It also permits channelization in the satellite
transponder design so that one can limit certain failures in the
transponder to individual chénnels. The need for tight phase and
amnlitude requirements over broad bandwidfh in the various subsystems 
of the transponder and earth terminal is reduced by a multicarrier
approach.
The constitution of the baseband signal is shown in Figure 1.1.
In addition to the standard video signal, the system must handle two
15 KHz aural signals. The two aural channels are handled by M |
modutating two subcarriers, one at 4.7 MHz and the other at 5.5 MHz,
‘ahd then frequency division multiplexing them with the video baseband.
In any satellite to earth communication system there is a optimum
balance between the amount of Effective Radiated Power (ERP) produﬁed
by the satellite and the needed sensitivity or "Figure of Merit (G/T)”
fdr the earth station receiver. In general, G/T is defined as the -
'rétio of antenna gain to overall system noise temperature and is
expressed in dB/°K. The optimum G/T which produces the best erra]l
‘system economy depends on the user, system requirements, launch vehicle
constraints, etc. Computer aided satellite system analysis and |
utilization studies carried out by Stagl et. al. (9) at Washington
‘University indicate 18-22 dB/°K to be the optimum range‘for G/T for
a comimunity reception type satellite television broadcast system in
the U.S. for near term educational program delivery via interconnection
" of institutional and commercial CATV headends. Based on satellite
television broadcasting system optimization studies, {9) (10) we
have opted for G/T of 17.5 dB/°K for our receiver. This G/T is to

be‘achieved with a 10 ft. parabolic antenna which has 49 dB gain at
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12 GHz and a receiving system noise temperature of 1400°K of wﬁich
200°K is attributed to antenna noise and the remainder to the
receiver. This 10 ft. disk should have Timited steering capa-
bilities and a 3 dB beamwidth of .55° - .60° which is adequate to
accomodate wind caused deviations from the set axis and the satellite
movements provided that the spacecraft has a tO.E East-West as well
as North-South station keeping ability.

With an ERP of 56 dBW per TV channel and & 36 MHz RF channal
bandwidth, the proposed terminal with a 6/T of 17.5 dB/°K wi}i be ab]é
to deliver a peak video signal power to weightec r.m.s. noise ratio
[S/N}p,w of 53 dB for 99.8 percent of time in a region with rain
"~ statistics similar to that of New Jersey. (2) With the satellite
qplink, downlink and the farthest route in the cable-television
distribution plant peak weighted signal to noiée ratio [S/N]p,w being
67 dB, 53 dB and 53 dB respectively, the user served by the fartheﬁt
drop cable facility would have the potential of receiving a [S/N]ﬁ,w
_of 49 dB or a TV picture equivalent to TASO Grade I. (2)

The desired character1st1cs of the ground terminal are summarTzed
in Table 1.1 and the resulting recei ver block diagram is given in
Figure 1.2. The expected input power level is -74 dBm per channel.
Allowance is made for a 15 dB fade margin. In order to eliminate the
need for a balanced mixer configuration at the input and to more
easi]y.faci1itafe separation of the channels, we have opted for'a“
double conversion scheme.

The front-end down converter which frequency shifts the informa-

tion from 11.72 ~ 12.2 GHz to 1.02 - 1.5 GHz was built by Westinghouse



TABLE 1.1

SATELLITE GROUND-TERMINAL CHARACTERISTICS

Ground Terminal Type

Antenna
Antenna Gain

Antenna Polarization
Antenna Noise Temperature [TA]

Low MNoise Receiver

Receiver Noise Temperature [TR]

Individual RF Carrier Bandwidth

. __{Per_TV Channel).

Modulation

Demoduiator

Receiving System Noise
Temperature [TS:TA+TR]

Receiving System [G/T]

[Antenna Gain to System Noise

Temperature Ratio]

Receive Only

10-ft. parabolic dish
Limited manual steering

45.98 dB at 12-GHz
54 percent efficiency.

Linear -

200°K (Maximum)
Double Conversion -
First IF at 1 GHz and
the second at 80 MHz
Channel Separation
after 1st IF.

1,200°K (Maximum)

P1.700 - 12.200 GHz

36 MHz S e
Frequency Modulation

Discriminator (12 dB
threshold)

1,400°K

17.52 dB/°K



1.02-1,50 GHz

11.72-12.2 GHz |
: ‘ Adjacent Ch. 30 dB down

=104 dBW/ch : ‘L
- 74 dBm/ch_ ) " Net Gafn of 10 dB
__ _Lonversion Gain 25 d8 | ;—'62)(1 }ggg ggz Earrjer
' . * .ﬁ. o 1 GHz Carrier
|Conv. Loss 3 | —— — o — —_.
] ) | Conv. Loss =50 ! | :
Mixer | R g dB dBm 10 -
| |
| o J’ dBm —— _
Mixer BPF < il '
| | PR, T 16-0.€1) -+
T - T T T ' 80 dB ——— F1 vpp
80 MHz Max. Gain | into 75 @
st L. 0. B hi i e |
st L. U - Branching, Limiter/Discriminator/Base-Band Am
Network . nd L.0. P

Figure 1.2 Block Diagram of 12 Channel Receiver



‘sists of a fixer, bandpass filter (BPF), IF amplifier, group delay

10

(11). It consists of a single ended {single diode) mixer employing
image and sum frequency enhancement techniques to achieve a midband
insertion loss o 3.8 dB, and a three stage IF amplifier having a
noise figure of 2.5 dB. The overall conversion results is a gain
of 25 dB.

The branching network used in the present effort consists of a
set of 12 doubly terminated Tchebycheff filters appropriately spaced
along a distribution network. To help make up for distributed losses
and to allow for an additional measure of isolation against leakage
from the second local oscillator (LO) into adjacent channels, a
single transistor amplifier is implemented at the output of each
filter.

After branching, the 12 individual channels are now available to

the inputs of 17 identical individual baseband channels at a maxiium

fevel of -40 dBm. As seen in Figure 1.2, each baseband channel con-

equalizers (G.D.E.), limiter, discriminator and baseband amplifier.

The mixer at the input to each of these channels converts to the second
intermediate frequency of 80 MHz. Preliminary calculations showed

that this frequency would most easily facilitate the synthesis of the
requived set of 12 local oscillator frequencies. An appropriate band-
pass filter having a bandwidth of 36 MHz filters the output of the

mixer and provides some additional channel selectivity. The IF
amplifier should be able to provide a nominal 10 dBm level for a minimum
input of -70 dBm, to drive the 1imiter and discriminator. The

limiter must be wideband (40 MHz) and have a minimum 10 dB dynamic range.

The discriminator must provide an extremely linear output (<3% deviation)
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from linearity, based on previous work (5) (6}, to prevent phase
distortion of the signal. The final amplifier provides a 1 Vpp
composite video signal into 750 which is compatib]e with typical

CATV remodulators for local distribution. Provision‘is made for
group delay equalizers to adjust the'channei's delay characterisfics.

It is planned that the 12 local oscillator frequencies for the
baseband channels plus the X-band LO for the front end will be-*

. synthesized from one 10 MHz crystal used in conjunction with -
app%opriate harmonic generators, mixers, and filters.
1.4 SCOPE

Chapter 2 is concerned with the design, construction, and -

- performance of the IF amplifier. Included in this section is a
V‘discussion on the specification of the bandpass filters and their
~design. The performance of a commercially made mixer is also
dispussed. The section concludes with some data taken on the
ovéral] Iﬁ amplifier performance when driven by the mixer.

Chapter 3 is devoted to the limiter and discriminator. The
design of a'simpie Timiter configuration and its performance are
first considered. This is followed by a discussion on the design
of a 1ow-bass filter té remove the higher order harmonics in the
.'Jlimiterfs output to the discriminétor. The design of a modi fied
transmisﬁion line discriminator then follows along with a discussion
on the conversion from a distributed parameter to a ]umped parameter

system. Th1§ chapter concludes with  performance results for the
entire baseband channel from the input of the mixer to the output

of the baseband amplifier.
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Chapter 4 discusses the design criteria for the branching
networks. Theoretical performance is considered along with the
performance of a first cut prototype filter design.

A final discussion and surmmarized results are given in

Chapter 5,
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2. _MIXER, IF AMPLIFIER AND BAND-PASS FILTERS

2.1 INTRODUCT ION

This chapter describés the cesign, construction, and performance
of the IF amplifier and its accompanying band-pass filters. lAlso dis-
cussed s the performance of a small commerciaily produced flat pack
mixer used to down convert from L-band to the 80 MHz IF. The specif%~
cations for the amplifier are discussed first. These include deter-
mining input and output power and imﬁedance levels, overall gain require-
ments, bandwidth, and selectivity. Then consideration is given to
- implementing a design and evaluation prototype performance. Finally,
the overall performance of the IF amplifier with the mixer driving |
it is reported.
'4 ‘lThe preifminary operating specifications for the IF amp]ifier are
specified by Newman et. al. (2). Final specifications evolved during
-the design phase. Based on the input impedance level and power require-
ments of fhe limiter, the IF amplifier should have an output impedance
level of 3002 and be able to provide about 6 Ypp. This corresponds to
an output power of approximately 12 dBm. Its input impedance should '
match the mixer's output impedance of 502 and it should be able to amplify 7
a minimum signal of —70‘dBm. Hence, the amb]ifier must have a maximum
gain of 80 dB over the frequency range of 60 to 100 MHz. 1In order to
elfminate the néed for an AGC loop and to provide additiona1A1im1ting ‘
we will consider operating the amplifier near or in saturatibn, provided ._
fhat 1t§'intefmodu1ation characteristics do not adversely affect the
system performance. |

The band pass specifications and selectivity of each channel are

now considered. The selectivity requirement chosen is based on that
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used for the microwave receivers of the Bell System's TH-3 telephone
communication system (12): at least 30 dB suppression of the adjacent
channel band edges. Based on Carson's rule, at least 36 MHz is needed
for the desired FM format. Allowing a 4 MHz guard band, 40 MHz of
bandwidth per channel is availabie in our design. Therefore. the
amplitude roll-off can start at 62 and 98 MHz, respectively, and be
down 30 dB at 58 MHz and 102 MHz. Since the sharpest selectivities
with the fewest number of elements are obtained with the Tchebycheff
response, such filters are used in the design.

Before turning to the actval design, let us consider the confiqura-
tion we intend to use for the amplifier. One can think of the IF
amplifier as consisting of a pre-amplifier section and power amplifier
section. The band pass filter is also implemented in two sections.

One is at the input ta the first pre-amplificr stage, the oth

ing it. Although both filters serve the purpose of eliminating out-

~of-band signal components, the second band pass filter also he?pé-h

eliminate high freqguency noise in the amplifier. 1In addition, such
an arrangement prevents the need for a multipole filter at the input‘
to the IF Amplifier which might prove difficult to tune and have
excessive insertion 1oss.

2.2 PRE-AMPLIFIER DESIGN .

Most of the gain is to be developed in the pre-amplifier section.

" The easiest and most economical way of implementing this section is to

use several high frequency, Tinear amplifier integrated circuits in
cascade. The MC1590G integrated circuit presents acceptable charac-
teristics for such use. According to its specifications, each package

should be able to provide at least 20 dB of gain out to 100 MHz.
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Figure 2.1 shows a schematic diagram 6f thfs.package (13). By adjusting
the size of the load resistors, RL,&through which bias is supplied

to pins 5, 6, and 7, one can control the gain and resulting band-

width. For RL = 100 @, each package is able toldevelop a gain of
between 20 and 25 dB. For thic amount of gain however, the respbnse
starts to roll off above 80 MHz. By using indﬁctive peaking on the
output pins 5 and 6, it is possible to raise the response on the

high end. To calculate the required inductance, one first determines
the input and output impedance of the package. From the data sheet,

it is found that the output capacitance and resistance are CD T 2 pf

and R, = 2Ks, respectively. For the input there is a capacitance

i

€. ¥ 8 pf and resistance Ri 1Kp. Maximally flat response out to at

1
least 100 MHz requires (14):

where RL = 100 52 and C = Ci

,+

CO = 10 pf. Solving equation 2.1, one -
finds that L = .04 vh.

The pre-amplifier stage was prototyped by cascading two packages
in the same manner as [.C. 2 and 3 in Fiéure 2;2. For proper
Opération, OC bias must‘be applied to pins 5, 6, and 7. B8y supplying

22 volts to the 120 @ resistor at the input to the biasing network it
is possible to bias pins 5, 6, and 7 to their maximum rated 1evé] of
18 volts. This level results in the most cain per package. IFr0m the
32 volt Teve] reduired to operate the limiter, the 22 volt 1evef is
obtained from the 2N2959 emitter follower and zener diode configuration
'ihdicated in Figure 2.2. "For use in the prototype, pin 1 on the first

package was terminated in 50 9 to match the siagnal generator. Also,
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pir. 5 on the second package had the same R-L arrangement as pin 6.
Point by point measurements showed that there was a 2 dB variation
in gain over the range of 60 - 100 MHz and a gain of approximately
23 dB per package with an input level of -50 dBm. A cascade of three
of these packages is needed to zdequately drive :che power amplifier
for inputs at -70 dBm.
2.3 POKER AMPLIFIER DESIGN

Preliminary considerations for this stage suggested that 2
push-putl arrangement would be desirable since both outputs of the
MC1590G could be used. However, subsequent prctotyping and testing
of such an arrangement indicated that the necessary gain and required
bandwidth could not be obtained. This was largely due to the problem
of effectively fabricating transformers at these frequencies.

Instead of the push-pull arrangement, only oin 6 is used to
drive a feed-back pair of 2N918 transistors in the arrangement_shown
“%ﬁﬁFénge 2:5177Thé des%én 6f.such a stage is reasonably straight-
forward and can be easily developed experimentally as was done here.
The 2.2K0 resistor in the collector of the input transistor serves
mainly as a bias resistor and its value is not overly critical. The
value of 330 @ in the collector of the output transistor was chosen
to provide a 300 2 output level for the limiter and the value of
180 @ in the base of the input transistor provided the best match to
the pre-amplifier output. It wﬁs found that providing some series
feedback in the emitter in addition to the shunt feedback of a 470 o
resistor provided the necessary power to drive the limiter over the

Vfrequency range of interest. It was found that this stage when
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prototyped provided an additional 13 dB of gain to the signal
appearing at the output of the preamplifier wﬁén biased at 22 volts

as shown in Figure 2.2. | |

2.4 FIRST BAND-PASS FILTER

2.4.1 Design and Analysis

_ In order to arrive at a suitable design for the first band-pass
fiiter, the fo]iowing parameters must first be specified: selectivity,
- center frequency, upper and lower cut-off frequencies, acceptable
pasSband ripple and impedance level. The selectivity-is first
determined. In order not to have too many elements