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OPTIMUM PRE-DETECTION DIVERSITY
RECEIVING SYSTEM
Hugh L. Dryden, Deputy Administrator of the National
Aeronautics and Space Administration, with respect to
an invemtion of Louwis Katz, Anaheim, and Raymond
W. Honey, Fullerton, Calif.,, and Victor R. Simas,
Lanham, Md.
Filed Mar. 20, 1964, Ser. No. 353,644
17 Claims. (Cl, 325—305)

ABSTRACT OF THE DISCLOSURE

Two. independent diversity receiving channels, by ac-
tion of automatic gain control (AGC) and phase-lock
loops contained in each of the receiving channels, adjust
the signals thereof so that the output intermediate fre-
quency (IF) signals from both channels are equal in am-
plitude and phase coherent. The AGC voltages generated
in each channel, in addition to controlling the level of
the signal thereof, are measures of the signal to noise
ratio (SNR) of the IF signal in the channel with which
they are associated. The IF signals and the AGC voltages
are applied to a novel combiner which includes two volt-
aged controlled attenuators (VCA’s), and AGC weight-
ing network, and a summing circuit. In the AGC weight-
ing network the various AGC voltages are combined to
produce a control voltage which is in turn applied to the
VCA’s. Also coupled to the VCA’s are the IF signals
from the respective channels associated therewith. The
control voltage from the weighting network varies the at-
tenuation ratios of the VCA’s such that the IF signal
having the smaller SNR is attenuated more than the IF
signal having the greater SNR. The signals from the
VCAs, after being summed in the summing circuit, are
then applied to a demodulator,

The invention described herein was made in the per-
formance of work under a NASA contract and is subject
to the provisions of Section 305 of the National Aero-
nautics and Space Act of 1958, Public Law 85-568 (72
Stat. 453; 42 U.S.C. 2457).

The present invention relates to a diversity receiving
system, and, more particularly, to an optimum pre-detec-
tion diversity combining receiving system adapted for use
with amplitude modulation (AM), phase modulation
(PM) or narrow band frequency modulation (FM)
systems.

Diversity receiving of radio signals is a well known
method of reception applied with success to radio trans-
missions in order to minimize the fading effects. This
principle is equally beneficial in reducing fading effects
in spacecraft to ground communications wherein the
fading may be due to the continuously changing polariza-
tion orientation of the received signal with respect to the
receiving antenna. For instance, if the spacecraft trans-
mitted signal polarization is linear and the ground an-
tenna is polarized linearly, then as the spacecraft orien-
tation changes, the level of the received signal can vary
from zero to some maximum value. Two receiving an-
tennas polarized orthogonally would be an application of
the diversity concept and would assure a received signal
close to optimum in at least one of the antennas as far as
polarizaton effects are concerned. This diversity concept
applies not only to linearly polarized radiation but to
circular or elliptical as well.

In the various diversity receiving systems, there is
always required some means for combining the signals to
produce the best possible signal-to-noise ratio (SNR).
Mr. Leonard R. Kahn in his article in the “Proceedings
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of the Institute of Radio Engineers” for November 1954,
volume 42, on page 1705 describes a diversity combining
system called the ratio-squarer system in which the opti-
mum diversity combining law is utilized so that at all
times the combined SNR is greater than or at least equal
to the best of the individual diversity channel SNR.

The invention as will be described hereinafter, while
using the ratio-squarer system to obtain optimum diversity
combining, accomplishes the basic objectives more ac-
curately than has been done in the past; and further, it
has the additional feature of maintaining a constant out-
put signal.

Accordingly, it is an object of the present invention to
provide an improved and more accurate optimum diver-
sity combining receiving system.

It is another object of the present invention to provide
an improved optimum pre-detection diversity combining
receiving system wherein the combined total signal has a
maximum SNR and the output signal thereof is main-
tained constant.

It is still another object of the present invention to pro-
vide an improved optimum diversity combining system
wherein the circuit design and electrical components are
selected so that the combined total signal will have a
maximum SNR and the combined signal thereof will be
maintained exactly constant,

It is a further object of the present invention to pro-
vide an optimum diversity combining receiving system
wherein precise optimum combining is accomplished
prior to signal detection to eliminate certain deleterious
effects.

These and other objects are carried out by the present
invention in which the inputs of two independent receiv-
ing channels are derived from separate receiving an-
tennas, which may be for example, cross polarized an-
tennas and/or antennas located some distance apart.
Since the receiving channels and the components thereof
are chosen to be similar, the effective receiver noise. volt-
ages present in both receiving channels and associated
with the signals thereof are substantially equal. The effec-
tive receiver noise voltage of each receiving channel is
defined as the total receiver noise referred to the input
terminals of the receiver and includes the internal noise
produced by the initial stages of the radio frequency
(RF) amplifier of the receiver and any noise fed to the
receiver by the antenna. It should be noted that the in-
herent characteristics of the random noises in the two
channels are a flat frequency characteristic and statistical
independence.

Both of the receiving antennas received signals at the
same frequency. However, variations of amplitude (sig-
nal strength) and phase (time of arrival) of the signals
received by the two antennas may occur which result in
their having an unpredictable amplitude difference and
phase difference. To insure that the output signals from
the two receiving channels are maintained equal in ampli-
tude and phase coherent so that they can be properly com-
bined, automatic gain control (AGC) and phase-lock
means are provided in both receiving channels. While the
signal portion of total signal (signal plus noise voltage
associated therewith) from one receiving channel is modi-
fied to be identical with that from the other receiving
channel, different values of additive white random noise
are generally associated with each signal. For this reason
therefore, each total signal usually has a different signal-
to-noise ratio (SNR).

A novel combiner, as will be described in detail herein-
after, weights the sum of the two total signals through the
action of two voltage controlled attenuators (VCA), hav-
ing logarithmic characteristics, so that an output there-
from continually results in a constant sum and a maxi-
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mum ratio of combined output signal-to-noise. The volt-
age controlled attenuators are controlled by AGC volt-
ages, which bear a required relationship to the signal-to-
noise ratio (SNR) in each of the two receiving channels
wherein they are generated, so that the weaker of the two
total signals is attenuated more while the stronger is at-
tenuated Jess.

The necessary attenuation characteristics of the VCA’s
to provide the required two conditions to be met in the
diversity combining system, i.e.,

(1) maximum output signal-to-noise ratio for all values
of input noise and signal levels, and

(2) constant output signal level for all values of input
noise and signal levels,

is derived below for the case under consideration in which
the IF signals (S;) applied to the VCA’s are equal and
phase coherent (by action of the AGC systems and phase-
lock loops in the receiving channels), and the noise volt-
ages (N, Ny) are statistically independent and generally
unequal. Under these conditions it follows that the time
averaged signal power (S,?) and the time averaged noise
power (Ny2) from the combiner are:

o2=(a;-+ap) 2S2=constant
NP2=ay*N?4-as?N?

(1)
(2)

where:

Sj=signal voltage from each receiving channel
N,==effective noise voltage from one receiving channel
Ny==effective noise voltage from the other receiving chan-

nel

ay==voltage attenuation ratio of attenuator associated with
said one receiving channel

a,=voltage attenuation ratio of attenuator associated with
said other receiving channel

Sy=combined signal output from combiner

N ==combined noise voltage output from combiner

The output signal-to-noise power ratio is then:
(ay445)28:2
0’ N2 a Ny (3)
Substituting equation (1) in equation (3) eliminates
the term ay and provides the following identity:
So?
a12N12+(So/Si—a1)2W22 (4)
Now proceeding to maximize the output signal-to-noise
power ratio for constant output signal by differentiating

both sides of Equation 4 with respect to @y and equating
to zero; there is derived the following expression:

2 2
ST [ 0, Wi+ (Sul S = R
[20:N2+2(8o/8;i—a:) (—1)Nel=0 (5)
Rewriting Equation 5 in a more simple form by elimi-
nating the portion that cancels out, the following rela-
tionship is obtained:

‘St>2/wo2=

SN

20N 242(8,/8;—a1) (— 1) Np?=0 (6)
ay (N2 Np?) =8,/ SN (N
Now, solving for a;:
ay= 8,/ 8iN s S_o/Si
Ne+Wp 14+WeE/N2 (8)

By rearranging the terms of the Equation 1 the follow-
ing identity is obtained:

ay=S,/S1—a 2}

Now, by substituting Equation 8 in equation 9, a, then
assumes the following relationship:

Wi Vi
== 0, i— L i—__'—=So S.(l_—'>
S FES A A XS
(10)
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N2 8./8:
Ne+N2 1+N2Np (1)

Accordingly, the values of a; in Equation 8 and a,
in Equation 11 are the required attenuation ratios neces-
sary for satisfying the two specified diversity combining
system conditions set out above. An attenuator which
can satisfy each of these equations will be described in
detail hereinafter.

The exact nature of this invention, as well as other
objects and advantages thereof, will be readily apparent
from consideration of the following specification relating
to the annexed drawings in which:

FIGURE 1 shows a block diagram of the preferred
optimum pre-detection diversity combining receiving sys-
tems of the present invention;

FIGURE 2 shows a block diagram of the receiver por-
tion of FIGURE 1;

FIGURE 3 depicts a block diagram of the phase-lock
and coherent AGC loops and reference oscillator system
of FIGURE 1;

FIGURE 4 shows a block diagram of the novel com-
biner of FIGURE 1;

FIGURE 5§ illustrates a block diagram of the AGC
weighting network of FIGURE 4; and

FIGURES 6 and 7 depict schematic diagrams of two
embodiments of the voltage controlled attenuators (VCA)
of FIGURE 4.

Referring now to the drawings, wherein like reference
characters designate like or corresponding parts through-
out, there is shown in FIGURE 1 an optimum pre-
detection combining diversity receiving system compris-
ing two independent receiving channels 11, 12 having
substantially equal effective receiver noise voltages at
the input terminals thereof and having antennas 13, 14,
respectively cross-polarized. A beacon transmitter 16 lo-
cated in either a stationary object or a moving object
such as spacecraft 17 radiates a linearly polarized signal
from radiating antenna 18. By antennas 13, 14 being
cross-polarized, the diversity receiving system is assured
of receiving the transmitted signal even if its polarization
might vary, as for example, when spacecraft 17 is mov-
ing and radiating antenna 18 varies in position relevant
to receiving antennas 13, 14. While there is always the
assurance that the transmitted signal will be picked up
by antennas 13, 14, as already mentioned above, a time
variation of the amplitude and phase thereof will usually
result in the signals received by receiving channels 11,
12 having unpredictable phase differences and amplitude
differences.

To modify the received signals so that these differences
no longer exist and, in fact, so that the signals are equal
in amplitude and coberent in phase, the conditions es-
sential for them to be properly combined, receiving chan-
nels 11, 12, as shown in FIGURE 1, include, in addition
to antennas 13, 14, heterodyning receivers 21, 22 and
phase-lock and coherent automatic gain control (AGC)
loops 23, 24, respectively. A reference oscillator system
26 is connected to phase-lock and coherent AGC loops
23, 24 to assist these loops in modifying the intermediate
frequency (IF) signals applied thereto from receivers
21, 22, respectively, so that they become equal to the
reference signal frequency.

Since both receiving channels 11, 12 are identical and
operate in the same manner, the following discussion,
while relating to receiving channel 11, applies equally
as well to receiving channel 12. Receiver 21, as shown in
detail in FIGURE 2, comprises a wide-band radio fre-
quency (RF) amplifier 29 to which is fed the RF total
signal picked up by antenna 13. A mixer 31 is connected to
the wide-band RF amplifier 29 and to a local oscillator 32
to heterodyne the RF total signal from the RF amplifier
29 with the signal from local oscillator 32. This pro-
vides an IF total signal which is coupled to a variable
gain IF amplifier 33. A conventional diode detector 34

a;=8,/8;
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and series low pass filter 35 are connected from the output
of variable gain IF amplifier 33 to an input thereof to
act as an automatic gain control (AGC) for variable IF
amplifier 33 by applying a non-coherent (AGC) voltage
thereto. In this manner the IF total output signal (signal
and effective noise voltage associated therewith) from
variable gain IF amplifier 33 is maintained at a fixed level.
This non-coherent AGC voltage is a measure of the re-
ceiver SNR in that it is propertional to the logarithm of
the SNR due to the fact that the components of the vari-
able gain IF amplifier are chosen so that it has a log-
arithmic characteristic.

For all receiver signal levels where the SNR of the
receiver signal is less than unity, the output total signal
from variable gain IF amplifier 33 contains, essentially, a
constant noise amplitude and therefore, the non-coherent
AGC voltage is a measure of the noise only and in-
dependent of the signal which is assumed to vary in
amplitude. On the other hand, should the SNR of the
receiver signal be greater than unity then the output of
variable gain IF amplifier 33 contains a constant out-
put signal amplitude and is independent of noise. The
non-coherent AGC voltage is then a measure of signal
only and consequently also of the SNR in the receiver
since the noise is constant.

The coherent AGC voltages to be discussed in con-
nection with FIGURE 3 and the IF total output signals
from phase-lock and coherent AGC loops 23, 24, along
with non-coherent AGC voltages from receivers 21, 22 are
applied to a novel combiner 27 (to be described in detail
hereinafter in connection with FIGURES 4-7). In the
combiner 27 the IF total signals are weighted, according to
their respective signal-to-noise ratios (SNR), prior to
combining so that the one having the lowest SNR has less
effect upon the SNR of the combined IF signal. Accord-
ingly, by the performance of the weighting action in com-
biner 27, the combined total signal output therefrom,
has a maximum SNR for all values of the signals ac-
quired by antennas 13, 14 and is applied to demodulator
28. In addition, the combined total signal output (S,)
from combiner 27 is constant for all the values of the
signals received by antennas 13, 14, and at the same time
is always equal to the IF signal (S;) derived from either
of the receiving channels 11, 12, ie., So==S;=constant.

Phase-lock and coherent AGC loops 23 are shown in
FIGURE 3 as comprising a phase-lock loop 29 and co-
herent AGC loop 25. Phase-lock loop 20 includes mixer
36, voltage controlled attenuator (VCA) 37 (to be de-
scribed in detail hereinafter), IF narrow-band amplifier
38, phase detector 39, equalizer filter network 41 and
voltage controlled oscillator (VCO) 42, all connected
as shown. The total signal output from variable gain IF
amplifier 33 of receiver 21, after being applied to mixer
36 of this loop, has the frequency and phase of the carrier
portion of the signal thereof adjusted by the loop so
that when it is applied from VCA 37 to combiner 27
it will be phase coherent with its counterpart of the signal
applied to combiner 27 from the VCA of receiving chan-
nel 12.

Coherent AGC loop 25, in addition to including VCA
37 and narrow-band IF amplifier 38 of phase-lock loop
20, also includes correlation detector 43, difference net-
work 44, DC reference source 46 and AGC DC ampli-
fier 47, all connected as shown. Coherent AGC loop 25
controls the amplitude of the signal from VCA 37 so
that it will be constant and equal to its counterpart signal
taken from the VCA of receiving channel 12. Accord-
ingly, by the action of these two loops in conjunction
with reference oscillator system 26, the operation of
which will be described in detail hereinafter, the signal
(Sy) of receiving channel 11 is modified to be identical
in amplitude and coherent in phase with its counterpart
signal (S;) obtained from receiving channel 12,

The following is a description of the operation of
phase-lock loop 20. The IF signal from variable gain am-
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6

plifier 33, and the output of VCO 42 are applied to mixer
36 and heterodyned therein; and the heterodyned output
signal from mixer 36 is thereafter attenuated by VCA
37 and amplified by narrow-band IF amplifier 38 to
establish both the level and band width of the signal ap-
plied thereto. The output signal from narrow-band IF
amplifier is coupled to phase detector 39, which is a bal-
anced product detector. Also coupled to phase detector
39 is an output signal from reference oscillator 48 of
reference oscillator system 26, after the reference oscil-
lator signal has been shifted 90 degrees by a 90 degree
phase shifter 49, The quadrature relationship between
the carrier component of the signal from narrow-band
IF amplifier 38 and the signal from reference oscillator
48 causes phase detector 39 to produce a DC voltage out-
put proportional to the phase difference (off quadrature)
between the two signals. This DC voltage is fed via equal-
izer filter network 41, a low pass filter circuit, as a
smoothed DC voltage to voltage controlled oscillator
(VCO) 42 to control the frequency thereof such that
phase coherence is maintained between the 90 degrees
shifted signal from reference oscillator system 26 and the
carrier component of the IF signal from narrow-band IF
amplifier 38. In this manner the frequency of the signal
from VCO 42 tracks the frequency of the carrier com-
ponent of the IF signal applied from variable gain IF
amplifier 33 to mixer 36, Thus, with these signals chang-
ing frequency simultaneously and in-phase, the output
level of phase detector 39 tends to approach zero.

One example of VCO 42 would be a Colpitt’s oscillator
in which the inductor of the tank circuit is a saturable
reactor. By controlling the current flow through this re-
actor, the oscillator frequency, which can be made a
linear function of the control current flowing through
the reactor, is controlled over its designed frequency
range.

While the above description appears to indicate that
the DC voltage from phase detector 39 is only propor-
tional to the phase relationship between the 90 degrees
shifted signal of reference oscillator system 26 and the
carrier component of the IF signal from narrow-band
IF amplifier 38, this is not absolutely correct since this
DC voltage is also proportional to the amplitude of the
carrier component of the IF signal from narrow-band IF
amplifier 38, The reason that the amplitude of the carrier
component was neglected in the above discussion, was
due to the fact that it was maintained constant by co-
herent AGC loop 25. This coherent AGC loop supplies
an AGC DC control valtage to VCA 37 to adjust the at-
tenuation thereof so that the carrier component of the
IF signal applied to phase detector 39 of phase-lock loop
20 is maintained at a constant amplitude, This VCA has
a characteristic such that the logarithm of attenuation is
precisely linear with the DC control voltage applied
thereto as further explained below,

The following is a description of the operation of AGC
loop 25. The carrier output component of the IF signal
from IF amplifier 38, in addition to being applied to
phase detector 39, is also applied, along with the direct
output from reference oscillator 48, to correlation de-
tector 43, a balanced product detector which is a circuit
well known in the art, Since the reference signal and car-
rier component of the IF signal from IF amplifier 38
have already been phase locked in quadrature by the
phase-lock loop 29, the signals applied to the correlation
detector are in-phase and the AGC DC output from cor-
relation detector 43 is then proportional to the amplitude
of the carrier component of the IF signal. Correlation de-
tector 43 is so designed that its output is independent of
the reference signal input level, The noise voltage accom-
panying the input signal produces a fluctuation of the DC
output from correlation detector 43. This fluctuation is
smoothed by the narrow band AGC DC amplifier 47
after the DC voltage output from correlation detector 43
has been compared (subtracted) with a fixed DC voltage
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from reference source 46 in difference network 44. The
difference comparison between the DC voltage output
from correlation detector 43 and the DC voltage of ref-
erence source 46 is carried out so that VCA 37 will op-
erate in the proper portion of its control range by the
application of the AGC voltage applied thereto from
AGC amplifier 47. The smoothed, substantially noise
free AGC DC voltage from AGC amplifier 47 is then
applied to VCA 37 to control the attentuation thereof
so that the carrier component of the IF signal, coupled
from narrow-band IF amplifier 38 to phase detector 39,
is maintained constant. The phase-lock loop dynamics are
thus made relatively independent of the input signal level
over the operating range of the AGC system.

The total signal from VCA 37, in addition to being
coupled to narrow-band IF amplifier 38; and the coher-
ent AGC voltage from narrow-band AGC DC amplifier
47, in addition to being applied to VCA 37, are both
coupled, along with the non-coherent AGC voltage from
diode detector 34 of receiver 21, to combiner 27 as shown
in FIGURES 1 and 4.

While the above description relates to only one receiv-
ing channel 11, it should be understood that the other
receiving channel 12, in cooperation with reference oscil-
lator system 26, operates in the same manner so that the
output signal from the VCA of these phase-lock and
coherent AGC loops 24 has the same amplitude as the
signal from VCA 37 and is phase coherent therewith.
The total signal from the VCA of the phase-lock and co-
herent AGC loops 24, the coherent AGC voltage from
the coherent AGC loop thereof, and the non-coherent
AGC voltage from receiver 22 are applied, along with
their counterparts in receiving channel 11, to combiner 27.

Combiner 27, as shown in FIGURE 4, includes AGC
weighting network 51 to which is applied the AGC volt-
ages from receiving channels 11, 12; a DC inverter ampli-
fier 58 coupled to AGC weighting network 51; voltage
controlled attenuator (VCA) 56, to which is coupled the
total signal from receiving channel 11 and the combined
AGC output from AGC weighting network 51; voltage
controlled attenuator (VCA) 57 to which is coupled the
total signal from receiving <hannel 12 and the combined
AGC output from AGC weighting network 51 via in-
verter amplifier 58; and summing circuit 59 to which is
applied the attenuated total signals from VCA’s 56, 57.
This combiner, as will be described in more detail here-
inafter, fulfills the previously derived optimum combining
requirements by controlling the attenuation of the two
total signals from receiving channels 11, 12 such that
the poorer quality total signal is attenuated more while
the superior quality total signal is attenuated less. In this
manner the combined total signal quality (SNR) is always
equal to or better than the total signal quality from either
of the two receiving channels and can, in fact, be better
than either total in SNR by as much as 3 decibels (db).

AGC weighting network 51 of combiner 27, as shown
in FIGURE 5, comprises summing circuits 56 and 52, of
the type well known in the art, to which are applied the
non-coherent AGC and coherent AGC voltages of re-
ceiving channels 11, 12, respectively; and difference cir-
cuit 53 to which is coupled the summed AGC outputs
from summing circuits 50, 52.

Assuming, as has been done herein, that the signal levels
are varying because of the ever-changing polarization of
the input signals and that both receiving channels 11, 12
have equal effective receiver noise voltages at their input
terminals, then the non-coherent AGC voltages developed
in both receivers of the receiving channels, where the
SNR’s are greater than unity, are measures in (db) of the
SNR’s of their respective receiving channels. Since the
non-coherent AGC circuits act to provide substantially
constant signal levels in the phase-lock and AGC loops
23, 24, the coherent AGC voltages developed in their
coherent AGC loops are essentially constant. Now, should
the receiving channels have SNR’s less than unity, then
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the outputs from the receivers aré substantially constant
noise voltages and the non-coherent AGC voltages are
essentially constant. In this case, since the coherent AGC’s
function to provide constant signal levels in their respec-
tive receiving channels, they are measures, in db, of the
SNR’s of the receiving channels.

Accordingly, by AGC weighting network 51 summing
the non-coherent and coherent AGC voltages of each re-
ceiving channels 11, 12 in summing circuit 50, and 52,
respectively, and subtracting the outputs from the sum-
ming circuits in difference circuit 53, the output from the
difference circuit is a control voltage that is an accurate
measure, in db, of the relative signal-to-noise ratios for
the two receiving channels under all conditions of input
signals and noise. This weighting network 51 is in effect
a special analog computer wherein DC voltages propor-
tional to the logarithm (decibel) are added and sub-
tracted to provide a DC voltage proportional to the loga-
rithm of product and quotient, respectively.

The control voltage from difference circuit 53 of AGC
weighting network 51 is applied directly to VCA 56 and
through a DC inverter amplifier 58 to VCA 57. Applied
to the inputs of VCA 56, 57 are the total signals from
receiving channels 11, 12, respectively, With the control
voltage from difference circuit 53 being applied to VCA’s
56, 57 in the manner just described, the attenuations of
the VCA’s are adjusted so that, in effect, as the total
signal output from one VCA increases that from the other
decreases. Accordingly, should the signal level of receiv-
ing channel 11 be higher than that from receiving channel
12, then the output from difference circuit 53 is positive
and the attenuation of VCA. 56 is reduced and that of
VCA 57 is increased. An opposite effect on VCA’s 56,
57 occur when the signal level of receiving channel 12 is
higher. In this manner, when the output signals from VCA
56, 57 are applied to summing circuit 59 and added
therein, a signal S, is developed therefrom that is always
constant, In addition, the combined total signal therefrom,
that is applied to demodulator 28, has a SNR equal to or
greater than the SNR existing in either of the two re-
ceiving channel signals.

Referring now to FIGURES 6 and 7, the preferred
embodiments of VCA. 56, 57, there is shown a high con-
ductance logarithmic silicon diode 54 having one end
thereof grounded and the other end connected to an input
circuit comprising a series combination of DC blocking
capacitor 61 (low AC impedance) and resistor (R) 62.
Also connected to the other end of the diode 54 is an
output circuit including a DC blocking capacitor 63 (low
AC impedance). The VCA’s, shown in FIGURES 6 and
7, are identical except for the control signal feeding cir-
cuit 70, In FIGURE 6, contro! signal feeding circuit 70
includes a parallel combination of inductor 64 and ca-
pacitor 65; and in FIGURE 7 it includes a series com-
bination of resistor 66, high gain DC amplifier 67 and
resistor 68, and, in addition, feedback resistor 69. In both
the VCA’s the total signal obtained from the receiving
channel, with which the particular VCA is associated, is
applied to capacitor 61 thereof, and the attenuated total
signal from the VCA is coupled via capacitor 63 to sum-
ming circuit 59.

In FIGURE 6, the DC control voltage derived from
AGC weighting network 51, shown in FIGURE §, is
applied to the VCA via the parallel combination of in-
ductor 64 and capacitor 65, which combination has a
high AC impedance and a low DC impedance. This con-
trol voltage is applied to diode 54 to vary its impedance.
The high AC impedance of the parallel combination of
inductor 64 and capacitor 65 prevents the total signal
from feeding into AGC weighting circuit 51. Diode 54 has
a logarithmic characteristic and has its impedance varying
in accordance with the DC control voltage applied thereto
from AGC weighting network 51. This will cause the
VCA to attenuate the total input signal applied to the
diode in a logarithmic fashion as indicated by Equation 12.
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The attenuator of FIGURE 7 operates in the same
manner as that of FIGURE 6 except that the DC control
voltage is applied through resistor 66 to high gain DC
amplifier 67. This control signal feeding circuit has a high
impedance value for an AC signal in comparison with
resistor 62. Feedback resistor 69, high gain DC amplifier
67 and resistor 66, insure a precise DC voltage across
diode 54 linear with the DC control voltage applied there-
to regardless of the DC resistance of diode 54. Since am-
plifier 67 has a high gain for DC voltages, the DC im-
pedance of the circuit is reduced sufficiently to permit the
DC control voltage from AGC weighting network 51 to
be applied to and control the impedance of diode 54 so
that the total signal applied thereto via blocking capacitor
61 and resistor (R) 62 is attenuated to a proper value
before being passed to summing circuit 59.

It is important to note that with diode 54 connected in
the VCA in the polarity shown in FIGURES 6 and 7, a
positive control voltage applied to diode 54 reduces its
impedance, thereby increasing the attenuation of the VCA
to reduce the output signal therefrom. Alternatively, a
negative control voltage applied to diode 54 increases the
diode impedance, and, accordingly, causes a reduction in
the attenuation of the VCA. Since the DC control voltage
is applied to VCA’s 56, 57 in an opposite polarity due
to the inverter 58, that is, there is applied a positive DC
control voltage to one VCA and a negative DC control
voltage to the other VCA, diode 54 is connected to have
the same polarity in the two voltage controlled attenua-
tors. On the other hand, if DC inverter amplifier 58 was
omitted, the diodes 54 would be connected in a reverse
polarity in the two VCA’s, ie., e.g., the diodes of the
VCA shown in FIGURES 6 and 7 would be connected as
shown when used as VCA 56 and would be connected in
reverse polarity when used as VCA 57. By the diodes in
the two VCA’s being connected in this manner, except
when the AGC voltage inputs to difference circuit 53
are equal, one VCA will always be attenuating more
than the other.

The following mathematical analysis applies equally as
well to VCA's circuit of either FIGURES 6 and 7 and in-
dicates how the VCA’s fulfill the requirements set out
hereinabove in Equations 8 and 11. Each VCA comprises,
essentially, an ordinary fixed resistor (R) 62 and a silicon
diode 54 whose alternating current (AC) resistance is
characteristically a logarithmic function of the DC con-
trol voltage (E) applied via control signal feeding circuit
79. The small-signal AC resistance (R;) of the silicon
diode 54 varies logarithmically as a function of the con-
trol voltage and is defined as follows:

Ry=R,10-K1E (12)
where:

K; and R, are dicde constant parameters describing di-
ode 54, and, specifically, R, is the value of the AC re-
sistance for zero voltage control, and E is the DC
control voltage applied to diode 54.

The voltage gain of the VCA is:
amoformBe 1
TR+ R, 1+R/R. (13)
Now, substituting Equation 12 in Equation 13 the fol-
lowing expression is .obtained:
1 1
"1+ (R/R,)10KET 14 10KELIe(R/Ro)  (14)
Since the summed AGC DC voltages from each receiv-
ing channel is linearly proportional to the signal-to-noise
ratio in db, it therefore follows that the ratio of the time

averaged signal power to the time averaged noise power
of the two receiving channels can be defined as follows:

Pi=S2/F2 (15)

a

and

Py=S2/N2? (16)
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The difference in the summed AGC DC voltages from
the two receiving channel obtained from the AGC com-
bining network expressed as a log function of the voltage
is as follows:

E=K,(10 log Py)—K,(10 log P;)=K;10 log Po/P, (17)

where:

K, is a proportionality constant which relates DC volts
to db,

E is the DC control voltage applied to the silicon diode
of the VCA’s from the AGC combining network,

P, and P, are defined by Equations 15 and 16, respective-
ly, and

Ky (10 lqg P;) and K,y(10 log P;) are the voltages from
summing circuits 50 and 52, respectively.

Now, substituting Equations 15 and 16 into Equation
17 the following identity is obtained:

E=K,10 log (S2/N32)(W:2/5:2) (18)

=Ks10 lOg N;?/sz
Then, substituting Equation 18 in Equation 14 ay be-
comes:

1
14 10K1Ka10 log Ni2/Na2+log (R/Ro)

a3

(19)
and since the control voltage applied to the other VCA
is of opposite polarity, then a, becomes:

1
= ==
14 10—-K1X310 log N;2/N22+log (R/Rg)

(20)
Now, by requiring that:
Kay="%10K;
and also that
R=R,
it is discovered that Equations 19 and 20 reduce to:
1
“ETF IR a9)
and
1
Op==
14+N2/N2 (20)
respectively.

Since the fiiversity system, as described hereinabove,
has been designed so that S,=Si=constant, or Sy/Si=1
then Equations 8 and 11 above reduce to:

1
“TIWEN; (8")
and
_ 1
BET I NN (11)

Now, comparing Equations 19’ and 20’ with Equations
8’ and 11’ respectively, it can be readily noted that they
are identical. Accordingly, the VCA’s of FIGURES 6 and
7 satisfy the system conditions set out hereinabove, and
the diversity combining system described herein can be
considered to be a truely optimum pre-detection diversity
combining system,

In an operative embodiment of the voltage controlled
attenuator of FIGURE 7—wherein the input signal
(e;) applied thereto was at a frequency of .5 megacycle
and has a voltage as high as .1 volt peak, but was gen-
erally much less than 10 millivolts; the control voltage
(E) applied to diode 54 was between .6 and .8 volt DC
over a 50 db range; silicon diode 54 was a Texas In-
struments, Incorporated type G-130 (commonly referred
to as a stabistor); and high gain DC amplifier had sub-
stantially zero gain at .5 megacycles and 50,000 gain at
DC—the values of the various components thereof were
as follows:
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Capacitor 61 oo microfarad.... .08
Capacitor 63 e do.._.. .08
Resistor 66 o v kilohms.... 50
ResisStor 68 oo do.._. 50
Resistor 69 o do.._. 50
Resistor 62 (R) ohms... 510

Diode 54 had small-signal AC resistance Rg from 10
ohms to 500 chms depending upon the value of DC con-
trol voltage (E) applied thereto according to relation-
ship of Equation 12, and R, was equal to 510 ohms.

While the VCA’s shown in FIGURES 6 and 7 have
been described in connection with combiner 27, the same
VCA'’s are used in the phase-lock and AGC loops 23, 24.
However, there they are biased to operate over a dif-
ferent portion of the control range (i.e., different range
of E), as will now be shown. If in Equation 14 above:

10K1E+Hog(R/Ro) > 1
then the attenuation in db is:
20 log a=~—20 [K;E+(log R/R,) 1

Noting that R/R, is a constant, it can be seen that the
attenuation expressed in db is linear with E (in this
case the coherent AGC voltage). Because, as mentioned
hereinabove, the effective receiver noise in each receiving
channel is assumed to be equal, then the aitenuation in
db is proportional to the SNR. Thus, the coherent AGC
voltage is a measure of the SNR as required in the
combiner.

It is to be understood, that while the invention has
been described in conmection with the receiving station
being ground located and having only two receiving chan-
nels, it is not limited to ground use nor to two channel
operation, as it can function equally as well in a space-
craft and in connection with more than two receiving
channels. For example, with a four (4) channel diversity
system, the channels would be divided into pairs, each
of the pairs to function in the manner described herein-
above to provide an optimum combined signal. Then, the
output signals from the two combiners would themselves
be processed in the same manner as discussed herein-
above in connection with the signals received by the two
receiving antennas.

Although the foregoing disclosure relates to preferred
embodiments of the invention, it should be understood
that numerous modifications or alterations may be made
therein without departing from the spirit and scope of
the invention as set forth in the appended claims. For
example, instead of a separate local oscillator being used
with each receiver, a single oscillator can be used as a
common local oscillator for both receivers.

What is claimed is:

1. The diversity receiving system having first and sec-
ond receiving channels for use in a diversity reception
system for receiving a transmitted signal, said diversity
receiving system comprising: first receiving means in-
cluded as part of said first receiving channel for re-
ceiving said transmitted signal and maintaining it and
any noise voltage associated therewith at a constant level;
second receiving means included as part of said second
receiving channel for receiving said transmitted signal
and maintaining it and any noise voltage associated there-
with at a constant level; first phase adjusting and ampli-
tude controlling means connected to said first receiving
means, forming part of said receiving channel and in-
cluding phase-lock means and automatic gain control
means, said automatic gain control means providing an
automatic gain control voltage; second phase adjusting
and amplitude controlling means connected to said second
receiving means, forming part of said second receiving
channel and including phase-lock means and automatic
gain control means, said automatic gain control means
providing an automatic gain control voltage; reference
oscillator means connected to said first and second phase
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adjusting and amplitude controlling means and cooperat-
ing therewith so that said phase-lock means and said
automatic gain control means theteof function to provide
signals from said receiving channels that are phase co-
herent and equal in amplitude; and combining means
connected to said first and second phase adjusting and
amplitude controlling means including weighting means
for receiving the output signals from said phase adjust-
ing and amplitude controlling means and said automatic
gain control voltages from said automatic gain control
means thereof and for weighting said output signals in
accordance with said automatic gain control voltages so
that the signal from said receiving chamnel having the
lower signal-to-noise ratio is attenuated more than the
signal from said receiving channel having the higher
signal-to-noise ratio, and a summing means for combin-
ing said weighted signals and having as an output a con-
stant signal having a signal-to-noise ratio equal to or
greater than the signal-to-noise ratio of either of said
receiving channel signals,

2. The diversity system of claim 1 wherein said phase-
lock means of said first and second phase adjusting and
amplitude controlling means are substantially the same
and each includes a phase detector for comparing the
phase of the incoming signal applied to the respective
phase adjusting and amplitude controlling means with
that of the signal from said reference oscillator means;
a voltage controlled oscillator connected to said phase
detector and having the frequency -of its signal varied in
accordance with the output from said phase detector; and
a mixer connected to receive said incoming signal and
said signal from said voltage controlled oscillator, where-
by variations in phase of the incoming signal from that
of the signal from said reference oscillator means results
in a voltage being applied to said voltage controlled
oscillator which in turn permits the voltage controlled
oscillator to track the incoming signal and lock the out-
put from said mixer to a signal at a desired frequency.

3. A diversity system of claim 2 wherein said automatic
gain control means of said first and second phase adjust-
ing and amplitude controlling means are substantially the
same and each includes a correlation detector having the
incoming signal from said phase adjusting and amplitude
controlling means with which it is associated and said
signal from said reference oscillator means applied there-
to, said correlation detector detecting any vatiations in
the amplitude of the said incoming signal and generating
an automatic gain control voltage which is a measure of
said variations in amplitude of said incoming signal from
a desired value; and voltage controlled attenuating means
connected to receive said incoming signal and having
a control element; said voltage controlled attenuating
means having applied thereto the output from said corre-
lation detector, whereby the attenuation of the said volt-
age controlled attenuating means is varied in accordance
with the signal applied thereto from said correlation de-
tector such that said incoming signal applied to said volt-
age controlled attenuator means is attenvated and ob-
tained as a constant amplitude output signal therefrom,

4. The diversity system of claim 3 wherein said weight-
ing means comprises a difference circuit having applied
thereto the automatic gain control voltages derived from
said automatic gain control means of said first and sec-
ond receiving channels, said difference circuit having as
an output therefrom a control voltage which is a measure
of the relative signal-to-noise ratios of the signals applied
to said first and second receiving channels; first and second
voltage controlled attenuators having applied to the inputs
thereof the signals from said first and second receiving
channels, respectively, and having connected to their con-
trol elements said control voltage, the outputs from said at-
tenuators being applied to said summing means, whereby
said voltage controlled attenuators are controlled such that
the one having applied thereto the stronger sighal-fo-noise
ratio signal is attenuated less and the ome having the
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weaker signal-to-noise ratio is attenuated more and the
output signal from said summing means is at a constant
amplitude and has a maximum signal-to-noise ratio.
5. The diversity receiver of claim 4 wherein the at-
tenuation ratios of said first and second voltage controlled
attenuators have the following identities:

4= 8o/ 8
1NN
and
- So/Si
14 N2/N2

respectively, where:

ay=voltage attenuation ratio of said first voltage con-
trolled attenuator
as=voltage attenuation ratio of said second voltage
controlled attenuator
==output signal from said summing means
Sj=signal voltage from either of said receiving chan-
nels
Ny2=time average effective noise power from said first
receiving channel
Nj2—time average effective noise power from said sec-
ond receiving channel.

6. The diversity system of claim 3 wherein said first
and second receiving means each includes a variable gain
intermediate frequency amplifier and an automatic gain
control circuit for cooperating therewith to keep the out-
put from said amplifier at a constant level; wherein each
of said receiving channels has associated therewith a
summing circuit to which is applied the automatic gain
control voltage developed in the respective receiving chan-
nel; and wherein said weighting means includes a differ-
ence circuit for receiving the summed AGC voltages from
said two receiving channels and for generating a control
voltage in accordance with the difference between the au-
tomatic gain voltages applied thereto and first and second
voltage controlled attenuators connected to receive the
signals from said first and second receiving channels, re-
spectively, each of said voltage controlled attenuators
having a control element to which the output control vol-
tage from said difference circuit is applied, said summing
means being connected to receive the output signals from
said veltage controlled attenuators, whereby said voltage
controlled attenuators attenuate the signals applied there-
to in accordance with the said control voltage applied to
their respective control elements from said difference cir-
cuit such that the output signal from said summing means
is maintained at a constant level and the signal-to-noise
ratio thereof is at an optimum.

7. The diversity receiver of claim 6 wherein the attenu-
ation ratios of said first and second voltage controlled
attenuators have the following identities:

_ 8o/ S
14NN

s
and’

Qo= 8 o/ S i
2 +N2/N 2
respectively, where:

ay=voltage attenuation ratio of said first voltage con-
trolled attenuator

ap=voltage attenuation ratio of said second voltage
controlled attenunator

So==output signal from said summing means

Si;=signal voltage from either of said receiving chan-
nels

N,2=time average effective noise power from said first
receiving channel

N2=time average effective noise power from said sec-
ond receiving channel.
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8. The diversity system of claim 7 wherein each of said
voltage controlled attenuators comprises a logarithmic
silicon diode operating as said control element, an input
circuit including an input resistor for coupling the signal
from the receiving channel with which it is associated
to said diode, a control signal feeding circuit for coupling
said control voltage to said diode, and an output circuit
for coupling the attenuated output signal from said diode
to said summing means, whereby the attenuation of said
signal from said receiving channel is varied in accordance
with said control voltage.

9. The diversity system of claim 8 wherein the signal §;
from either of said receiving channels is equal in ampli-
tude to the combined output signal S, from said summing
means, wherein the small-signal AC resistance of said
logarithmic silicon diode is defined as follows:

Rg=R,10-K:&
where:

E is said control voltage applied to said silicon diode
from said difference circuit,

R; is the small-signal AC resistance of said silicon
diode, and

K; and R, are diode constant parameters describing
said diode, R, specifically being the value of AC
resistance for zero control -voltage; and

wherein the resistance (R) of said input resistor is chosen
to be equal to R, said control voltage E is proportional
to the difference between said summed automatic gain
control voltage in decibels by a proportionality constant
K, and K; is chosen to be equal to ¥0K;.

10. A pre-detection optimum diversity receiver com-
prising: first and second receiving channels having equal
effective receiver noise voltages; an antenna connected to
said first receiving channel; another antenna, orthogonally
polarized with respect to said aforementioned antenna,
connected to said second receiving channel; automatic
gain control means included in said receiving channels
for generating automatic gain control voltages propor-
tional to the signal-to-noise ratios of the signals passed
thereby; means cooperating with said automatic gain con-
trol means for modifying said signals of said channels so
that the output signals from said receiving channels are
equal in amplitude and phase coherent; a weighting means,
said weighting means including first and second voltage
controlled attenuators connected to said first and second
receiving channels, respectively, and a difference circuit
connected to automatic gain control means for combin-
ing said automatic gain control voltages to produce a
control voltage, said voltage controlled attenuators each
having a control element to which is coupled said con-
trol voltage, whereby the impedances of said first and
second attenuators are varied such that the signal from
said attenvator having the lower signal-to-noise ratio
is attenuated a greater amount than the signal from the
one having the higher signal-to-noise ratio; and summing
means connected to said weighting means for receiving
the attenuated signals from said voltage controlled at-
tenuators and combining them, whereby, by the action
of said weighting means the output from said summing
means is a signal having a maximum signal-to-noise ratio
and a constant amplitude.

11. The diversity receiver of claim 10 wherein the at-
tenuation ratios of said first and second voltage con-
trolled attenuators have the following identities:

= So/8,
CTENE
and
— So/ S i
RS TR /)
respectively, where:

a,=voltage aftenuation ratio of said first voltage con-
trolled attenuator
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as=voltage attenuation ratio of said second voltage
controlled attenuator
Se,=output signal from said summing means

S,=51gnal voltage from either of said receiving channels

N 2==time averaged effective noise power from said
first receiving channel

N2=time averaged effective noise power from sald
second receiving channel.

12. The diversity receiver of claim 31 wherein each of
said voltage controlled attenuators comprises a logarith-
mic silicon diode operating as said control element, said
lIogarithmic silicon diode having a small-signal AC re-
sistance expressed as follows:

R s =R° 1‘0_K1E
where:

E is said control voltage from said difference circuit
circuit and has a proportionality constant equal
to ]/.(lOKl,

R, is the small-signal AC resistance of the silicon
diode, and

K; and R, are diode constant parameters describing
said diode, R, specifically being the value of AC
resistance for zero control voltage;

an input resistor (R) connected between said diode and
said receiving channel with which it is associated, said
input resistor (R) equal to R,; a control voltage feeding
circuit connected between said diode and said difference
circuit for applying said control voltage to said diode; and
an output circuit connected between said diode and said
summing means.

13. In a diversity receiver having first and second re-
ceiving channels and wherein each of said receiving
channels has means for generating an automatic gain con-
trol voltage proportional to the signal-tosnoise¢ ratio of
the signal applied thereto and additional means for
modifying said signal applied thereto such that the sig-
nals derived from said receiving channels are equal in
amplitide and phase coherent, the improvement compris-
ing: a combiner including first and second voltage con-
trolled attenuators connected to receive said signals from
said first and second receiving channels, respectively, said
attenuators each having a control element; a weighting
network connected to receive said automatic gain control
voltages from said receiving channels for producing a
control voltage, said control voltage being coupled to
said control elements of said voltage controlled attenua-
tors for varying the attenuation thereof; and a summing
means for receiving the output signals from said voltage
controlled attenuators, whereby in accordance with said
control voltage applied to said attenuators the receiving
channel signal having the higher signal-to-noise ratio is
attenuated less than that having the lower signal-to-noise
ratio, such that the output signal from said summing cir-
cuit is maintained constant and the signal-to-noise ratio
thereof is at an optimum.

14. The diversity receiver of claim 13 wherein the
attenuation ratios of said first and second voltage con-
trolled attenuators having the following identities:
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a ____.k_S'o/Si
1NN
and
=SS
=7 +N2[Ns?

respectively, where:

a;=voltage attenuation ratio of said first voltage con-
trolled attenuator

az=voltage attenuation ratio of said second voltage
controlled attenuator

S,==output signal from said summing means

Sj==signal voltage from either of said receiving channels

N,2=time averaged effective noise power from said first
receiving channel

Ny2=time averaged effective noise power from sgid
second receiving channel.

15. In the diversity receiver system of claim 14 each
of said voltage controlled attenuators of said combiner
comprising: a logarithmic silicon diode operating as said
control element, an Input circuit including an input
resistor for coupling the signal from the receiving ¢han-
nel with which it is associated to said diode, a control
signal feeding circuit for coupling said control voltage
to said diode, and an output circuit for coupling the at-
tenuated output signal from said diode to said summing
means,

16. In the diversity receiver of claim 15, said silicon
diode of each of said voltage controlled attenuators hav-
ing a small-signal AC resistance expressed as follows:

. Ry=R,10-K;B
where:

E is said control voltage from said weighting network

and has a proportionality constant equal to 340K,

R, is the small-signal AC resistance of the silicon diode,

K; and R, are diode constant parameters describing

said diode, R, specifically being the value of AC
resistance for zero control voltage,

said input resistor having the resistance (R) thereof equal
to R,; and said control voltage E baving a proportionality
constant K, equal to %K.

17. In the diversity receiving system of claim 16, said
first and second voltage controlled attenuators varying
in gain in accordance with said control voltage applied to
said silicon diodes thereof such that the output signal from
said summing means is adjusted so that it ip maintained
equal to said signal applied to said first voltage controlled
attenuator from said first receiving ¢hannel.
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