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William M. Lennox
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ABSTRACT

This paper will discuss the design and use of Optimal Ratio Combiners in modern
telemetry applications. This will include basic design theory, operational setups, and
various types of combiner configurations. The paper will discuss the advantages of  pre-
detection vs. post-detection combining. Finally, the paper will discuss modern design
techniques.
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INTRODUCTION

One of the principal problems encountered in maintaining continuous, reliable radio
frequency communications is variations in the level and polarization (fading) of the signal.
This phenomenon can be caused by a variety of conditions including:

(1) Extensive maneuvering of an aircraft or missile system which can cause a null in
its antenna radiation pattern.
(2) Polarization changes in the transmitted signal resulting from extensive
maneuvering of the aircraft or missile.
(3) Exhaust plumes from large jet engines ionize the atmosphere in the general
vicinity of the vehicle which can cause very rapid changes in the amplitude and
polarization of received signals.
(4) Ionization of the upper atmosphere also can cause rapid fluctuations in the
amplitude and polarization of received signals.
(5) Multipath reception inteference due to signal reflections over water, wet ground,
or metal structures.



Diversity combining is a technique used to add two or more receiver outputs together to
improve the accuracy of the data and provide one continuous output from the combiner.
With diversity receiving systems it is unlikely that all channels will fade simultaneously.
When fading is significant, combining can provide a dramatic increase in the system’s
signal-to-noise ratio. Diversity receiving systems can be implemented using polarization
diversity, frequency diversity, space diversity or time diversity.

Although systems can be configured to use one or more diversity combiners, this
discussion will be limited to a two-channel system using one tracking antenna equipped
with two feed elements. Each element provides an RF signal of a different frequency or a
different polarization.

A BASIC THREE RESISTOR SUMMING COMBINER

Under the proper conditions this simple combiner can improve the signal-to-noise ratio of
the overall system by up to 3 dB. As shown in Figure 1, a basic combiner consisting of
three summing resistors is connected to the video outputs from channel 1 and 2 receivers.

Since each receiver’s video output originates from the same source under most conditions
it will be coherent. A one volt RMS. signal from each receiver would add up to two volts
RMS. Most of the noise in the video output is generated within each receiver and will not
be coherent. Therefore, it will not add up coherently but will add up to the square root of
the sum of the squares. If each receiver had one volt RMS. of signal and noise, the output
would be two volts RMS. signal and
   ______
√12  + 22 = 1.414 volts RMS. noise.
                             ________
 20 log (S1 + S2/√N1

2 + N2
2)

S1 = Ch 1 RMS voltage signal level

S2 = Ch 2 RMS voltage signal level

N1 = Ch 1 RMS noise voltage level

N2 = Ch 2 RMS noise voltage level
                                                      ______
S/N improvement dB = 20 log (2/√12  + 12) = 20 log (2/1.414)

S/N improvement = +3 dB



This improvement is true only when each channel has equal signal-to-noise ratios.

This type of combiner does not solve the major problem, fading. The combiner output will
be degraded if the S/N ratio of either channel falls significantly below the other channel.
This results in poor and good signals being equally added. A major disadvantage is that
this type combiner works only on post detected or video signals and must be readjusted for
each modulation format.

AN IMPROVED THREE RESISTOR SUMMING COMBINER

The performance of a three resistor summing combiner can be improved by using AGC to
control the ratio of combining as show in Figure 2.

The AGC is a measure of the S/N of the receiver and is used to control the ratio of output
from the combiner. The substantially weaker signal would not appear at its output. This
improvement helps solve the fading problem but does not provide the maximum S/N ratio
improvement for different input S/N ratios.

OPTIMAL RATIO COMBINER

A commercial video combiner would not be composed of variable resistors for the actual
combiner circuit but uses a specific active circuit known as an Optimum Ratio Combining
Circuit. This circuit performs per the following equation:
                                  _____________
Sc/Nc = (S1 + S2/R)/(√(N1)2  + (N2/R2)2

R = (S1/N1)/(S2/N2)

With Optimal Ratio Combining, the two signals are added so that the poorer channel S/N
ratio is reduced relative to the better channel S/N ratio. This type of combining prevents
degradation of the combined output. This circuit provides an improvement in the combined
S/N ratio when the two input channels have S/N ratios equal to or close to one another,.

PRE-DETECTION COMBINERS

Pre-detection diversity combiners also are used to combine two channels of RF or IF
frequencies. These combiners are much  more complicated because of the need to be phase
coherent at the combiner circuit. This requires the use of phase detectors, voltage-
controlled oscillators, and control circuitry required for use at RF frequencies.



A simplified block diagram of a typical two-channel pre-detection diversity combiner
system, illustrated in Figure 3, functions in the following manner. The 20 MHz IF input
from receiver 2 is mixed with the 30 MHz crystal oscillator output. The resulting 10 MHz
beat frequency input to the combiner circuit is also applied to one side of the phase
detector. Applying the 20 MHz IF input from Receiver 1 to Mixer 1 provides a 10 MHz
input to the other side of the phase detector. The phase detector puts out an error voltage
that is proportional to the phase difference of the two 10 MHz beat frequencies. This error
voltage changes the 30 MHz VCO output so that the Channel 1 10 MHz input to the phase
detector is phase locked to the Channel 2 10 MHz signal. This insures that Channel 1 and
Channel 2 input frequencies to the combiner circuit are also coherent. Receiver 1 and 2
AGC inputs control the combining ratio in the same manner as the post-detection
combiner.

OPTIMAL RATIO COMBINER USING THE AGC AND AM WEIGHTING

The purpose of using AGC in combining is to control the ratio of combining between
channels to prevent the loss of signal during single or alternate channel fading, and to
enhance the combiner improvement ratio.

The accuracy of AGC control of fading signals depends on the rate of signal fading and the
AGC time constants of each receiver. With the advent of highly maneuverable vehicles
and plume effects, the signal fade rates have increased beyond the capabilities of the
receiver AGC systems to track these fades. This results in AGC control voltages that are
out-of-phase or non-existent.

This problem could be reduced by decreasing the AGC time constant. However, most
receiver AGC time constants can’t be changed due to its design or AGC time constants are
required for monopulse tracking.

Whenever a signal fades faster than a receiver AGC system can track it, the IF output will
contain that portion of the fading or AM signal not removed by the AGC action. This AM
modulated signal can be input to a new combiner that contains an extremely fast AM
detector which recovers the AM or fading signal and adds this signal to the receiver AGC
signal. This creates a control signal which is a replica of the fade rate at the receiver input
which accurately controls the combining ratio.

This AM, AGC weighting combiner can be used with receivers with fixed AGC time
constants, or the receiver AGC time constant can be set to almost any time constant
required for any AM tracing data.



COMPARISON OF POST-DETECTION AND PRE-DETECTION COMBINING

Post-detection Advantages
(1) Inexpensive and simple
(2) Combines real-time data

Post-detection Disadvantages
(1) Difficult to get full 3 dB improvement due to demodulator  linearity
(2) Combines both channel FM impulse noise at FM threshold
(3) Video levels must be precisely set up prior to each mission
(4) Demodulator distortion varies considerable from unit to unit
(5) Cannot be used with BPSK signals

Pre-detection Advantages
(1)  Provides greater than  3 dB improvement  when used  in an FM  system  with
modulation  indices greater than 1.
(2) Easy to get full improvement
(3) Easy to down convert for tape recording
(4) Easy to set up and holds for subsequent missions
(5) Uses only one demodulator for recovery
(6) Improves FM threshold and reduces FM impulse noise

Pre-detection Disadvantages
(1) Complex and expensive

COMBINER APPLICATION

This section describes three general types of telemetry combining systems:  polarization
diversity, frequency diversity, and space diversity. This section includes a discussion of
two previous papers gien of these types of combining.

Polarization Diversity Combining

Polarization diversity combining is the most common type of combining used in today’s
telemetry systems. Most telemetry receiving antennas have two independent outputs
usually left and right-hand circular polarization or horizontal and vertical polarization.

A properly set up pre-detection polarization diversity combiner will allow the receiving
system to perfectly match the polarization of the incoming signal. This type of system
provides a substantial improvement over a single receiver system. This improvement
occurs because most transmitted signals are subject to multiple polarization changes during



tracking passes. Examples include polarization changes due to aircraft maneuvering,
spinning satellites, ionization due to jet engine plume, and muti-path transmissions.

Polarization diversity combining improvement occurs because during these transmission
the signal is usually present on one polarization or the other. In these cases the combiner
serves as a fast selector providing a continuous data stream.

Improvements of greater than 3 dB will also occur when using a polarization diversity
combining system due to uncorrelated polarization antenna patterns associated with the
transmitting antenna. In other words the transmitter antenna pattern peaks and nulls often
appear at different aspect angles for different polarizations.

Table 1 shows that the improvement of a polarizaion diversity system over a single
polarization system vs. percentage of coverage of the sphere around the antenna. The data
shows a 3 dB improvement for 50% coverage and a 5 dB improvement for 90% coverage.
The improvement is substantial and highlights the improvements obtained with a
polarization diversity system.

Table 1

Typical Improvement of Polarization Diversity
Compared to Single Channel  for Missile Antennas

Percent Improvement Over
Coverage Single Channel (dB)
    50 3
    90 5
    95 7
    99 9

Detailed analysis of antenna systems in beyond the scope of this paper. Refer to Benefits
of Polarization Diversity Reception in the reference section of this paper for additional
information.

Frequency Diversity Combining

Telemetry communications from maneuverable vehicles such as aircraft, helicopters, and
rotating satellites have a problem providing continuous data to the ground receiving
station. This problem is especially severe when the vehicle is equipped with a single
antenna. When the antenna is on the far side of the vehicle, the vehicle acts as a shield and
very little signal reaches the receiving station. This problem is reduced if the vehicle is



equipped with two antennas, one on each side of the vehicle. However, two antennas
connected to the same transmitter source can produce severe nulls or gaps in telemetry
coverage caused by the reinforcement and cancellation of radiation that occurs when two
antennas are radiating in the same direction and at the same frequency.

The problem with using two antennas can be solved if each antenna is driven at slightly
different frequencies such as 1441.5 and 1452.5 MHz This scheme was used very
successfully in the system presented in the paper entitled, Diversity Techniques for
Omnidirectional Telemetry Coverage of the HiMat Research vehicle by Paul F. Harney.
The ground link hardware was improved since this system was implemented, especially in
the area of diversity combiners.

Mr. Harney used four receivers in his downlink system. Two receivers were used to
operate the antenna in the autotrack mode using right and left hand circular polarization
feeds to provide better balance in the signal. These two receivers had their AGC to operate
the autotrack antenna system. Two other receivers were used for data where their AGC
time constants were decreased to that their AGC voltages could better track the fast
aircraft maneuvers. The AGC voltage from these receivers was used to control the
combining ratio in the old style combiners.

With the new type combiner that utilizes AM/AGC control circuitry only two receivers
would be required. These two receivers can have their AGC time constant set low enough
to recover the AM tracking signal used for the autotrack antenna. The new type combiner
will recover the residual AM component from the receivers’ IF, and add this to the
receivers’ AGC level and create a combiner control signal that is a replica of the fade rate
of the antenna input. Figure 4 shows a system utilizing this concept.

Figure 4 shows the system employing both pre and post-detection combining. Pre-
detection combining offers  many advantages over video combining in most applications. If
pre-detection combining  is to be used, some considerations should be made for the vehicle
transmitters. The main consideration is that they have identical modulation deviation. The
combiner will phase lock the two linear IF output together in phase, but if the modulation
spectrum from each transmitter is not identical, they will not combine perfectly and
optimum results will not occur. Figure 5 shows the transmitter setup for the HiMat Vehicle
and Figure 6 shows a proposed transmitter scheme that would give optimum results for
both pre and post-detection combining.

The use of frequency diversity combining Techniques has been shown to greatly improve
system performance in some of the most difficult environments where data recovery and
constant data streams are essential to the system requirements.



With the advent of AM/AGC combiners, these systems can be implemented with the use
of only two receivers where four may have been required in the past, thereby reducing
system costs.

Space Diversity Combining

Space diversity combining is usually used to provide improvement in an extreme multi-
path environment. This occurs frequently in reception requirements over water. Tests have
shown that a properly designed system with optimum antenna spacing can greatly improve
reception in a multi-path environment.

Another application places two antennas such that each sees the transmitting vehicle at
different times and/or directions,. In this application the combiner serves as a very fast
selector. This allows for continuous data collection.

Figure 7 shows a possible ship-board application using two antennas. The forward antenna
is directly behind the missile launch pad. This antenna is omni-directional and has low
gain. The second antenna is located at the rear of the ship where it is unable to see the
missile launch pad due to the super-structure. This is a high gain tracking antenna used to
track the missile once it clears the super-structure. The combiner located electrically
between the two receiving systems provides a constant data steam from lift-off through
tracking coverage.

SPACE AND POLARIZATION DIVERSITY SYSTEM

The purpose of the system shown in Figure 8 is to provide the maximum S/N ratio
improvement and also have maximum immunity to signal fading. The system uses two
antennas, four receivers, and three combiners.

This system lends itself nicely to existing systems where the second antenna is the backup
antenna. The third combiner would guarantee continuous data should either the primary or
backup system fail. This system would theoretically give a +6 dB improvement over any
receiver when all receivers had equal S/N ratios

The system uses a combiner capable of predetection and post-detection combining
simultaneously. In order to implement a system of this kind combiners 1 and 2 must
provide a combined AGC to combiner 3. A circuit that optimally combines these AGC’s
has been designed, tested, and installed in combiners that are now being set up for use in a
system similar to the one in Figure 4.
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Figure 1. Simple Post Detection Combiner

Figure 2. Improved AGC Controlled Post-Detection Combiner

Figure 3. Simplified Pre-Detection Combiner



Figure 4. Post-Detecton Frequency Diversity Combiner System



Figure 5. Frequency Diversity Transmitter System

Figure 6. Improved Frequency Diversity Transmitter System



Figure 7. Space Diversity Combiner System

Figure 8. Polarization and Space Diversity Combiner System


