A 12-GHz-Band FM Receiver for
Satellite Broadcasting

An operational broadcast satellite system, which would provide television programming
directly from a geostationary satellite for homes having television receivers equipped
with a converter and a small antenna, is expected to be set up by Japan by the early
1980s. A design is described for a receiver suitable for this purpose; it is planned to be a
low-noise, high-performance unit comparable in cost to conventional TV sets. Other
topics covered include the image recovery theory {with consideration of the parametric
effect of a mixer diede), the down-converter principles and construction, the low-cost
highly stable local oscillator, and other sections of the receiver,

Introduction

“Yuri,” a Japanese experimental satel-
lite designed to help bring about an oper-
ational broadcast satellite system, was
launched on 8 April 1978. “Yuri” is a me-
dium-scale broadcasting satellite which can
handle two color television channels at one
time. An operational broadcast satellite
system, in which television would be
beamed directly by way of a geostationary
satellite into homes where television sets
are equipped with a converter and a small
antenna, is expected to be set up by Japan
in the early 1980s. With the advent of
practical satellite broadcasting, low-noise,
high-performance, and low-cost receivers
will be in strong demand by the general
public.

This paper presents the design of such a
receiver as well as the image recovery the-
ory with the parametric effect of & mixer
diode taken into consideration. The con-
struction and design principles of the
down-converter with the frequency stabil-
ity of 1071 ppm as well as other sections of
the receiver are described.

SHF-FM Receiver

SHE-FM receivers used for satellite
broadcasting often have the configuration
shown in Fig. 1. The system can be used
for selecting one channel from “r’" chan-
nels by changing the local oscillator fre-
quency used for a second converter Cj.
This design would be preferable for a direct
home receiving system for future use in
satellite broadcasting, if it is used with the
conventional home television receivers.

In Fig. 1, any low-neoise preamplifier
(PA) such as a parametric, field effect tran-
sistor or a tunnel diode amplifier can be
used. The noise performance of various
preamplifiers is shown in Fig. 2. The noise
figures of SHF down-converters, however,
have recently been considerably reduced
by means of image recovery techniques. In
this case, a preamplifier is unnecessary as
shown by the dotted line in Fig. 1, except
in the case of an extremely low-noise re-
ceiver. To achieve such a low-noise re-
ceiver without preamplification, we have
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proposed the use of a converter with a pla-
nar circuit mounted in a waveguide. Using
this technigue, not only low-noise perform-
ance but also a low-cost, mass producible
design has been obtained.

The Down-Converter
Image Recovery Technique

To achieve a low-noise down-converter
using image recovery techniques, the con-
verter must be designed so that it operates
under the optimum reactive load viewed
from a mixer diode at an image frequency.
Several analyses of down-converters have
been made, but they were tréated under
only limited image conditions (short, open,
or matching).® For the case involving both
the nonlinear conductance g and the junc-
tion capacitance C;, the analysis of conver-
sion loss and noise figure, with considera-
tion of arbitrary image impedances and the
effects of C), has never been published.
The parametric effect caused by a junction
capacitance of a mixer diode is a most im-
portant factor in determining the appropri-
ate operation of the image récovery down-
converter as described below.

Since a mixer diode can be represented
by the egquivalent circuit presented in Fig.
3, the operation of the down-converter can
be explained by the equivalent networks
shown in Fig. 4.

In the case where the pumping voltage
Vy + V,cos @ is introduced into a diode,
each of the expanded Fourier terms of g
and C, of Figs. 3 and 4 are expressed as
follows:
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where i is the diode current, /,, is the modi-
fied Bessel function, C is the junction ca-
pacitance with zero bias voltage, and Vgis
the junction voltage.

The conversion loss L. between termi-
nals § and J in Fig. 4 can be expressed as

Le=LyLiLy

where L, and L, are the transmission losses
caused by R, in the signal and IF circuits,
respectively, L. is the conversion loss of
the junction poisit of the diode and L’ takes
different values cotresponding to the val-
ues of admittance y',, viewed from the
junction of a diode at an image frequency.
Since ¥’ is a function of the load reactance
X, connected to the diode, L. can be ob-
tained as a function of X,,. The computed
results are shown in Fig. 5 for the follow-
ing conditions: i = iV, « = 34.7;
o= 13x 107® A; Cand €, = 0.1 pF;
Ve = 0.8 V; Ry = 2.5 0; f, = 11.695
GHz; f; = 380 MHz.

At the point of image-open operation in
Fig. 5, the value of L. is a minimum due to
the parametric effect of the junction capaci-
tance Cj, so that L, has a large value. This
is because the matched signal impedance
becomies low. At the point of image-short
operation, the effect of C; can be neglected;
therefore the value of L. is nearly the same
as that obtained without C;.

The relation between the conversion
loss and the noise performance must be
considéred. By denoting noise temperature
ratios comesponding to the thermal noise
generated at R, in the signal, IF, and image
circuits as ¢, p fags and 1y , respectively,
these values can be obtained from Fig. 4.
As can be understood from Fig. 4, the
noise temperature ratios take different val-
ues corresponding to the value of X, (as
shown in Ref. 3). The caiculated values are
shown in Fig. 6.

t,,, takes large values near the point x,
= 20 ), since the admittance at the image
terminal s’ becomes small because of the
parallel resonance at this point, which re-
sults in the generation of maximum thermal
noise. This situation is shown in Fig. 6.
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The computed noise temperature ratio
1, , caused by shot noise generated in the
mixer diode is also shown in Fig. 6. The
physical meaning of the performance of 1, |
can be explained as follows. The input ad-
mittance of the C circuit of Fig. 4 viewed
from the IF terminal is much smaller than
y'i* except near the point of image-open
operation. Therefore, at this point the noise
generated in the g circuit is amplified
through the C circuit by the operation of
the up-converter, and appears again at the
IF terminal. Thus, t""c takes maximum
values near the point of 1mage-open opera-
tion. This results in the increase of the
noise figure of the image-open impedance.

The total noise temperature ratio is
given by Eq. 2:

1
I&L:‘+[ﬂl)+{z= thay +tr3c @

The noise figure of the down-converter can
be obtained by Eq. 3:

F=L.{t+Fp—1) )]

where Fp is the noise figure of the IF am-
plifier connected to the down-converter.
The computed values of F are shown in
Fig. 6 using an IF amplifier having a 1.5-
dB noise figure.

As can be seen in Fig. 6, F takes large
values in the range of high image imped-
ance. This is caused by the large value of
ty a8 described above. For the above rea-
sons, it is preferable to operate the con-
verter under image-short conditions to ob-
tain a minimum noise figure,

Down-Converter Design

A new technology developed by the
authors, namely, a planar circuit mounted
in a waveguide (PCMW),** is used in this
down-converter. The converter uses a
planar circuit sandwiched in a waveguide.
On the planar circuit, proper patterns re-
quired for the function of the down-con-
verter are fabricated by etching or punch-
ing techniques within an accuracy of 20
um. An example of the construction® is
shown in Fig. 7. Section Fy is used both to
stop local oscillator power and to provide a
power connection to the mixer diode. F is
a band stop fiiter used to radiate pumping
power to the outside, C is a capacitive strip
for matching, D, a mixer diode, and Dy &
step recovery diede.

The planar circuit is designed by using
equivalent network constants of several
discontinuity parts as shown in Fig. 8. The
network constants were obtained both the-
oretically and empirically with the con-
stants of Fig. 8(¢) being reported in Ref. 6.
The effective length Al prolonged is ob-
tained by a variational method, with the re-
sualt given in Eq. 4. Network constants of
Figs. 8(a), (b), and (d) were obtained by
empirical methods.
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Fig. 2. Noise temperature of several kinds of 12-GHz-band receivers.

Semiconductor
Section t a

1 ‘ Rs I/Q Cc:

miapgp

4F o
Ce

Fig. 3. Equivalent circuit of a mixer diode.

S s
L Ry

v

Ym

jXm

Fig. 4. Equivalent network of a down-converter.

3!
Ag ity E A2 (91(1%) X k)Y @)
Al= a7l e

2nZy
where

sz lelP1? ds=1
JJ trras =1
1

120w

Za —"—R
0
! '(a—c)

Konishi et al:

L - lead wire inductance

v f Teo

AJ;_,

* Schottky junction conductance
Case caopocitance

. Series resistonce

: Schottky junction copacitance

T

yl '| y? y:*

In these equations, s, and 5, are sectional
areas in regions 1 and 2; A, is free space
wavelength; r,@ is propagation constant of
nth mode in the catoff waveguide of region
2 in Fig. 8(c) A, is cutoff wavelength in
ridge waveguide; e, is normalized trans-
versal electrital field in the cutoff wave-
guide of region 2 in Fig. 8(c); and hy is
normalized transversal dominant magnetic
field in the ridge guide.

Local Oscillator of Down-Converter

The local osciliator (LO) source is usu-
ally obtained from a Gunn oscillator or a
step recovery diode. The Gunn oscillator
should be locked in some manner such as
by a dielectric resonator to stabilize its fre-
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quency. With this technique, the frequency
deviation can be kept within 150 kHz for
temperateres from —30 to -+60°C. The
step recovery diode is excited by a UHF
source which is cbtained by multiplying a
crystal oscillator. The latter method should
yield the lowest cost approach.

Recently, a temperature-stabilized L-
band oscillator was developed by using bi-
polar transistors and a dielectric resonator.
This was then used to drive a step recovery
diode to a four-fold multiplication, as
shown in the schematic diagram of Fig. 9.
The resulting frequency deviation is less
than 100 kHz at X-band in the range of —20
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Fig. 6. Noise temperature ratio and noise figure.

to +40°C. The dielectric resonator serves
as a narrow bandpass filter inserted in the
feedback loop of the transistor amplifier.
This type of oscillator is quite suitable for
mass production and is expected to provide
a low-cost, stable oscillator operation.

IF Amplifier and Limiter

The frequency band of the IF amplifier
should be chosen with consideration for the
required bandwidth, noise figure, protec-
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Fig. 7. An example of the constructlon of 12-GHz down-converter with a planar circuit

mounted in waveguide.
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tion from other signais such as VHF and
UHF bands, image frequency problems,
and the distance between outdoor and in-
door units. I the required bandwidth is rea-
sonably narrow (about 200 MHz), f; can be
chosen between the VHF and UHF TV
bands. In this case, the noise figure of the
IF amplifier will be less than 1.5 dB, and
the cost can be made low for a wideband
gain matching operation.

Operation with weak signals is quite
important for a limiter of a receiver for sat-
ellite broadcasting, because the receiver
operates around the threshold levels in the
rain. If the operation of the limiter is not
sufficient, the AM components of noise are
detected, resulting in the deterjoration of
the signal-to-noise ratio. The qualitative
deterioration can be obtained from Eq. 5:

3AfF
4fE A?

[SNR4]
SNR

=1+ (5)

where 4 is AM compression (for example,
A = 10for 20 dB compression); [SNR], is
signai-to-noise ratio of detected video sig-
nal for the case of an ideal limiter, with
infinite A; SNR is signal-to-noise ratio for
the case of a practical limiter, where A
takes finite values; Af;, is peak-to-peak fre-
quency deviation; and f;, is highest video
frequency. For example, when Af, = 12
MHz and f, = 4.2 MHz, the detericration
of the signal-to-noise ratio takes the values
shown in Table 1.

For the above reason, it is preferable to
design a limiter having AM suppressmn of
more than 25 dB. PM to AM convérsion is
another important factor which should also
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Table . Relationship between deterioration
of signal-to-noise ratio and AM compres-
sion,

Limifer
Compression  SNR, 10 longNR- @B
Ratio (dB) SNR SNR-
10 1.613 2.08
20 1.0613 0.258
30 1.00613 0.0265

The compression ratio of the limiter in decibels
is given by 10 log,eA2.

Table If. Practical values of anfenna gain
and efficiency.

Antenna diameter Gain Efficiency
(m) (dB) (%)
0.6 T 349 54
1.0 39.6 . 63
1.6 43.9 64

be taken into consideration when designing
the limiter.

The performance of the IF bandpass fil-
ter F, shown in Fig. 1, must be specified
with consideration of the spectrum distri-
bution and phase distortion. For the phase
distortion, a surface acoustic wave (SAW)
filter is preferable for future use because it
exhibits linear phase performance.

The IF amplifier and limiter circuits
must be simplified to achieve marketable
low-cost receivers. A very simple circuit
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Fig. 10. SHF down-converter’s outdoor unit developed by the NHK
Technical Research Lahoratories.

configuration was developed by combining
a conventional diode limiter, a locking am-
plifier and a nonlinear feedback circuit. An
AM suppression of more than 25 dB was
obtained by means of this newly developed
circuit.

Signal Processing Circuit

An FM signal appearing at the output of
the limiter is demodulated to video and
sound signals by a standard discriminator.
To obtain an AM signal for a domestic TV
receiver, video and sound signals should be
remodulated respectively and then com-
bined. A technique for doing this, the FM-
AM direct converter, has been described in
the literature.® With this circuit, it has be-
come unnecessary to use a discriminator
and remodulators, resulting in a simple,
low-cost construction, although the sound
subcarrier level becomes lower, requiring
an additional amplifier for the sound sub-
carrier. It was, however, decided at the
World Administrative Radio Conference
— Broadcast Satellite Service (WARC-
BS) of February 1977, to apply energy dis-
persal processing to practical satellite
broadcasting. In this sytem of signal pro-
cessing, an ordinary FM-AM converting
circuit consisting of a discriminator and
AM remodulator is employed rather than

an FM-AM direct converting system. In
the future, however, a simple FM-AM di-
rect converting system which is applicable
to the energy dispersal processing should
be taken up as a study project. Meanwhile,
a balanced feedback peak clamp circuit has
been developed to remove the energy dis-
persal signal effectively.

The energy dispersal signal can be de-

- creased by means of such a peak clamping

method —30 dB at 15 Hz and —20 dB at 20
Hz. The circuit operates quite effectively
even under a threshold level.

Receiving Antenna

A receiving antenna for satellite broad-
casting should be capable of high gain,
high efficiency, and production at low cost.
To satisfy these considerations, a parabolic
antenna can be fabricated of aluminum and
fiber-reinforced plastic or mesh. The prac-
tical values of antenna gain and efficiency
are shown in Table II.

For the reception of circularly polarized
waves, a circular polarizer is connected to
the top of a primary radiator. Such an an-
tenna has more than 25-dB depolarization
and less than 0.2-dB loss of antenna gain.
With this antenna, either circular or lin-
early polarized waves can be received by
simply rotating the polarizer about the axis
of the primary radiator.
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Fig. 12. Twelve-GHz-band FM receiver and
0.6-m antenna used for satellite broadcast-

ing.

Experimental Results

The 12-GHz SHF receiver developed by
NHK was constructed using a planar circuit
mounted in a waveguide as shown in Fig.
10, and its performance is as given in Fig.
11. The complete SHF receiver developed
for satellite broadcasting is shown in Fig.
12. In quantities of 100,000 the cost of this
receiver including antenna and outdoor and
indoor units is expected to be 70 to 80

thousand yen {approx. $290 to $340). This
receiver was used to receive the signal
from the Communications Technology Sat-
ellite (CTS) in the U.S. under the jointly
sponsored NASA-NHK experiment en-
titled Advanced Ground Receiving Equip-
ment:* In this experiment, we have
received signals with weighted signal-to-
noise ratios of 49.5 dB and 45 dB by using
1- and 0.6-m antennas under the condition
of 58.5-dBW EIRP (effective isotropic ra-
diated power).

Conclusion

A low-noise, low-cost receiver for SHF
satellite broadcasting reception was devel-
oped successfully by the authors at the
NHK Technical Research Laboratories.
The indoor unit, consisting of an IF ampli-
fier, a limiter, a signal processing circuit,
and an appropriate power supply may be
assembled as an integral part of the domes-
tic TV receiver in the very near future. This
will also greatly contribute to the reduction
of the receiver’s production cost. In the fu-

*This is a joint experiment by NASA and the Tech-
nical Research Laboratories of Nippon Hoso
Kyokai {NHK), Japan. The participation of NHK
is being sponsored by the Radio Research Labora-
tories of the Ministry of Posts amd Telecom-
munications, Japan.
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ture, the integrated circuits will be intro-
duced to the IF circuits both in the outdoor
and indoor units, and this also will help
lower the receiver cost if mass produced.
Advances in the development of micro-
wave semiconductors such as FETs and bi-
polar transistors should always be taken
into account and these devices should also
be introduced if available economically. In
order to make the receiving antenna inex-
pensive, the study of primary horns is es-
sential, with the target of simple antenna
construction with high efficiency.
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