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ABSTRACT 

 

The combination of power limitations and platform dynamics often preclude the use of highly 

bandwidth efficient modulations for test range telemetry. Instead, constant envelope modulations 

like pulse coded modulation – frequency modulation (PCM-FM) and other continuous phase 

modulation (CPM) are typically used. A solution may be to employ multiple-input multiple-

output (MIMO) antenna techniques. MIMO processing may be used to separate the signals from 

multiple transmitters. If data is dynamically allocated to the transmitters with acceptable received 

signal-to-noise ratio (SNR), the telemetry throughput may be optimized. The performance 

depends on the geometry and propagation conditions between the antennas. 

 

 

INTRODUCTION 

 

Test range telemetry is typically transmitted using constant envelope modulation such as PCM-

FM. However, the radio frequency (RF) bandwidths available for this telemetry are limited and 

bandwidth efficiency is a primary concern. Typical bandwidth efficient modulations have 

significant amplitude modulation which reduce the transmit amplifier efficiency. Also, typical 

bandwidth efficient modulations are sensitive to multi-path, channel dynamics, and interference. 

So, it is desirable to use standard constant-envelope modulations for their power efficiency and 

robustness while investigating ways to improve the capacity of the channel. 

 

MIMO techniques can be used to increase the capacity of a bandwidth limited channel [1]. A 

MIMO system can increase the channel capacity by a factor equal to the minimum of either the 

number of transmit (TX) antennas or the number of receive (RX) antennas. While these 

techniques are often used with space-time codes, some capacity gains are achievable without 

changing the modulation format. In this case, the MIMO technique is essentially antenna beam-

forming used to enable multiple channels on the same bandwidth at the same time, thus 

increasing channel capacity while maintaining constant-envelope modulation. 

 

In order to evaluate the benefits of MIMO for range telemetry, we performed simulations based 

on our understanding of the existing waveforms. For the simulation, the MIMO channel was 
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implemented with the MMSE beam-former. Then the MIMO capacity was computed for two 

example scenarios. These examples demonstrate some of the advantages and limitations of 

MIMO processing. Also, the SNR for the different channels is presented to show how the beam-

former may be used to enable multiple conventional data links. Finally, conclusions are drawn 

along with mention of some areas for further study. 

 

 

MIMO CHANNEL 

 

The MIMO channel may be modeled as a matrix of complex gains which describe the gain and 

phase response from each transmit antenna to each receive antenna. For the purposes of this 

discussion, the channel is assumed to have the same response over the channel bandwidth. The 

channel matrix is: 

 

H = {h(n,m) | n = 1,2, …,N, m = 1,2, …,M}       (1) 

where, H, is the channel matrix with elements, h(n.m), which are the complex gains from 

transmit antennas, n, to receive antennas, m; the number of transmit antenna is, N; and the 

number of receive antenna is, M. 

 

The signal paths and gains are depicted in Figure 1. Each line from a transmit antenna to a 

receive antenna represents a complex gain for that signal path. 

Figure 1.  MIMO signal diagram showing paths between antennas. 
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All possible paths are shown, although in practice some may be obscured or attenuated so much 

that they are not usable.   

If the vector of complex transmit signal samples, x, then the received signal samples, y, are given 

by: 

y = Hx + n (2) 

where, n, is the vector of independent identically distributed noise. 

If the channel matrix is known and the noise is zero, then the transmit vector may be found by 

pre-multiplying by the inverse matrix, A=H
-1

, where AH = I. However, since the received vector, 

y, is noisy, it is better to use the minimum mean-squared error (MMSE) solution [2]: 

A = ( H
T
H + 

2
I )

-1
 H

T
  (3) 

where, 
2
, is the variance of the noise. So, the estimate of the transmitted signal vector derived 

from, y, may be written as; 

Ay = AHx + An = ( H
T
H + 

2
I )

-1
 H

T
Hx + ( H

T
H + 

2
I )

-1
 H

T
 n (4) 

Notice that if the noise is small enough to be negligible, the MMSE solution approaches the 

inverse of H. This MMSE estimation matrix is a beam-former which produces an output for each 

of the TX antennas. These beam-formed outputs may be used as independent channels for 

communication of telemetry data. However, the following shows that not all of these outputs will 

be usable at any given time. 

 

In general, the capacity of this MIMO channel is increased by increasing the number of TX 

antennas. But, to maximize the performance, the system should employ as many RX antennas as 

possible. Furthermore, as shown next, the geometry of the antennas locations is an important 

factor.  

 

 

PERFORMANCE RESULTS 

 

The capacity gains available from MIMO techniques depend on the geometry of the channel and 

the TX and RX antennas employed. As an example, consider four isotropic RX antennas at 

location x = 0, and four isotropic TX antennas at location x = R. In each case the four antennas 

are placed in the perpendicular, y, axis at locations y = {-3, -1, 1, 3} meters. With this geometry, 

the channel matrix was computed for an RF wavelength of 14 cm. 

 

The theoretical MIMO channel capacity was computed from [1]; 

 

C = log2{ det( I + H
T
H /n ) } (5) 

where, , is the SNR for a single path, and n=4 is the number of TX antenna. This capacity was 

then normalized by the single path capacity to indicate the gains achieved by MIMO processing. 

This ratio of MIMO capacity to single-path capacity is plotted in Figure 2 versus the range, R. 
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Figure 2. MIMO capacity gain versus range for example 1. 

At short distance the MIMO gives a capacity gain of more than 2.5 over the single-path capacity. 

However, as the range increases, the capacity gain decreases toward unity. In other words, at 

longer range the MIMO capacity gain goes away. This is due to the geometry. As the range 

increases, it is increasingly harder to separate the signals from the individual TX antennas. In a 

sense, the MIMO processing is trying to form beams at the receiver to separate the TX signals.  

But, as the range increases, this is less and less effective.  Since typical test-range distances are 

on the order of 1 to 100 km, better antenna geometry is needed. 

 

In order to realize the possible MIMO gains, the geometry of the TX and RX antennas must be 

carefully selected. In the next example, the TX antenna are placed at y=h=1000 (m) and x = R + 

{-3, -1, 1, 3} (m), while the RX antenna are separated to positions, y=0 and x = {300, 700, 1100, 

1500} meters. The parameter, h, can be thought of as a height or altitude, but generally 

represents the distance from the line of RX antennas and the linear path of the TX antennas. 

 

For this example, a simple link power equation was used to compute the maximum single-path 

SNR versus the range, R. This is shown in Figure 3. Notice that the SNR is highest when the TX 

antennas are centered near one of the RX antenna. 
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Figure 3.  Maximum single-path SNR versus range with RX locations; A1, A2, A3 and A4. 

Next, the MIMO capacity gain was computed for this geometry and the result is shown in Figure 

4. The MIMO gain varies from about 1.5 to a little greater than 3 over the example path. This 

capacity gain oscillates substantially as the phase delay between each set of antennas changes. 

The geometry goes from good to bad in a few tens of meters. This might be improved with the 

addition of more well placed RX antennas, but even in this case the average MIMO gain is about 

2.5 times the capacity of a single signal path.  The exact spacing and position of the antennas 

affects the signal phases and the fine structure of the plot of Figure 4, but they do not change the 

average MIMO gain. 
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Figure 4.  MIMO capacity gain versus distance for example 2. 

Figure 5 provides notional implementation for a MIMO system using common digital signal 

processing (DSP) components and a feedback path for an automatic repeat request (ARQ) 

mechanism. This capacity gain may be achieved by processing the signals from multiple TX 

antennas as shown in the block diagram.   
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Figure 5.  Example MIMO system block diagram. 
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It is important to couple the MIMO channel processing with transport layer protections. 

Traditional IP protocols are not ideal for lossy RF links, thus optimized protocols are necessary 

to provide robust communication. There are a number of different algorithms that allow for 

improved performance, such as ARQ algorithms which utilize a method of retransmission for 

lost packets between the transmitter and receiver or some form of packet forward error 

correction. There are performance trade-offs with any algorithm that will affect the overall 

concept of operations.  As an example, ARQ algorithms will add additional latency and can 

eventually saturate the link with retransmission requests.  Forward error correction techniques 

perform better but require an overhead within the signal bandwidth to implement [3]. 

 

Telemetry information is collected and buffered in data packets as shown in Figure 5. The data 

packets are routed to the transmitters, favoring the TX path with the best SNR. A feed-back 

channel (TX-FB and RX-FB) are used to send link quality information and re-transmit requests 

to the router. The signals are received on the ground and processed to separate the individual TX 

paths. If a packet has too many errors, or is not received, an ARQ re-transmission request is sent. 

Also, the SNR of each path is estimated in the demod. 

 

The matrix beam-former of equation (3) may be used to create individual signal paths for each 

TX node. This was done for this example, and the SNR was computed for each TX signal. The 

results are shown in Figure 6. The SNR is quite dynamic versus x-position. At any given time 

there may be one, two, or more of these signals with good SNR. 

 

 

Figure 6.  MIMO channel SNR versus distance, x, for example 2. 
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When there are good paths, the data is sent. When there are not enough good paths, the data is 

buffered. Of course, there are other ways of using MIMO to improve the telemetry 

communication, including; space-time coding, multiple-signal detection, and diversity. All of 

these provide additional performance and implementation trade-offs including factors such as 

throughput, delay, BER, complexity, cost, size, weight and power. 

 

 

CONCLUSION 

 

The capacity of a MIMO channel was investigated and significant gains are possible. It was 

shown that even without special channel codes and high PAR waveforms, the MIMO processing 

can realize additional capacity over a single-path system. RT Logic envisions several areas 

where further investigation and demonstrations need to be done in order to fully realize the gains 

of using MIMO. A method for buffering data to deal with the dynamic capacity changes should 

be evaluated, and the diversity available with multiple RX antennas should be investigated. 
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