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ABSTRACT 
 
This paper investigates the use of shaped offset quadrature phase shift keying (SOQPSK) signals 
in multiple-input multiple-output (MIMO) communication systems.  The goal is to integrate 
commonly used receiver architectures for conventional single-input single-output (SISO) 
systems into a corresponding MIMO system.  The benefits of improved spectral efficiency are 
juxtaposed against the increased receiver complexity.  Bit error rate performances for the SISO 
and MIMO architectures in a multipath environment are compared and conclusions regarding 
trade-offs between signal to noise ratio (SNR) and spectral efficiency stated. 
 
 

INTRODUCTION 
 
Shaped offset quadrature phase shift keying has become a highly popular modulation format in 
the telemetry industry since its introduction in 2000 by Terry Hill. Better spectral containment 
than most Continuous Phase Modulation (CPM) techniques, near perfect constant envelope, 
backward compatibility with Offset-QPSK legacy systems [1] etc. are some of the reasons 
behind this modulating scheme becoming increasingly popular in the past decade.  
 
The newer telemetry group version of SOQPSK (SOQPSK-TG) delivers better spectral 
containment than the previous one (MIL –STD SOQPSK) due to the filtered shape and longer 
duration of the frequency pulse [1]. The MIL-STD version has a rectangular frequency pulse 
lasting one bit period while the TG version has a root cosine filtered frequency pulse lasting 8 bit 
times. As a result, the phase transitions are extremely smooth and spectral containment at -70 
dBc and lower is achieved [1]. However, the longer pulse width and the filtering results in sub-
optimal performance with conventional OQPSK receivers. As a result, high complexity receivers 
had to be used for optimal detection. However, complexity reduction techniques as defined in 
[2], [3] etc. aim to resolve this problem while approaching optimal Bit Error Rate (BER) 
performance limits.  
 
Current research is mainly focused on lowering the SNR requirement while reducing the receiver 
complexity at the same time [2], [3], [4]. However, given the defined spectral (and thus, the pre-
coding and frequency pulse filter) characteristics for SOQPSK as per the IRIG-106 standard [5], 
greater spectral efficiency is not possible. While low power and low complexity are essential to 
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keep operating costs down, the major challenge facing the telemetry industry as a whole is 
bandwidth constraints. We propose multiple input multiple output (MIMO) systems as the 
solution to improve spectral efficiency while conforming to the IRIG-106 standard. The purpose 
of this document is to present an up-gradation of single input single output (SISO) systems to 
MIMO systems while using conventional SOQPSK modulators and demodulators 
 
MIMO systems use at least 2 transmitting and receiving antennas to increase the reliability or 
throughput of the communication system. They exploit the inherent multipath character of 
channels to transmit and receive multiple data streams using the same spectral region as that 
assigned to a single data stream [6]. 
 
This paper investigates the performance of a MIMO implementation of SOQPSK signals. The 
primary focus is on juxtaposing the added complexity against the improved spectral efficiency. 
We address the inherent problems of MIMO systems viz. channel estimation errors, rate of 
change of channel matrix and spatial cross-talk among others. We also compare the SISO and 
MIMO systems in a multipath environment for different channel models.  
 
 

SOQPSK MODULATION FORMAT 
 
Fig.1 shows a functional block diagram of an SOQPSK Modulator.   
 

 
 

Fig.1 SOQPSK Modulator 
 

 
The data stream ( )u t  into the SOQPSK Modulator is an NRZ stream ( +1).  The binary data is 
fed into a pre-coder whose ternary output is obtained as: 
 

 1
1 2

1 ( 1) ( )
2

i
i i i iu u uα +

− −= − −  (1) 

 
Where iα  is the current ternary symbol, iu  is the current NRZ bit, 1iu −  and 2iu −  are the previous 
NRZ bits. [7] 
 

{ }1,0, 1iα ∈ + −  but the symbol value never transitions from +1 to -1 and vice versa. Thus, the 

phase shift is limited to 90  every time the symbol transitions.  
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The ternary data is filtered using a spectral raised cosine filter for the SOQPSK-TG versions: 
 ( ) ( ) ( )h t g t w t= ⋅  (2) 
Where 
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sT  is the symbol period and the parameters 1 2, , ,B T Tρ  are varied for different versions of 

SOQPSK-TG [1]. As (2) shows, the impulse response of the filter is allowed to exist over several 
symbol times and hence is termed as partial response. The MIL-SOQPSK version instead has a 
rectangular frequency pulse lasting exactly one symbol period and hence termed as full-response. 
The partial response behavior of the frequency pulse ( )f t  while ensuring smooth symbol 
transitions and thus lowering the signal bandwidth, also results in Inter-Symbol Interference 
(ISI).  
 
The frequency pulse obtained is: 
 
 ( ) ( ) ( )f t A t h tα= ⋅ ∗  (3) 
 
The scaling constant A  is chosen such that a single frequency pulse provided to the integrator 
results in a phase shift of 90 . The output of the integrator ( )tφ  is used as the modulating signal 
for the phase modulator. The complex envelope of the transmitted signal with sE  as the energy 
per symbol is: 
 

 ( ) exp( ( ))s

s

Ex t j tT φ=  (4) 

 
The received signal ( )y t  is fed into a matched filter bank whose sampled outputs are: 
 

 
( 1)

1 1ˆ ˆ( , ) ( ) exp{ ( , )}
s

s

k T

k k k k k
kT

Z A y t j A dtα φ α
+

− −= −∫  (5) 

 
Where 1kA −  is the set of previously detected symbols and ˆkα  is the symbol the matched filter is 
matched to. The outputs kZ  are used to compute the branch metrics within the Viterbi algorithm, 
which efficiently implements maximum likelihood sequence detection [3]. 
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RAYLEIGH MODEL FOR MULTIPATH CHANNEL 
 

In a multi-path channel, time-delayed versions of the transmitted signal interfere with each other 
at the receiver. As each reflected or scattered path has a different gain and delay, the over-all 
effect of the channel is lumped into a single channel model. The model considered here is the 
Rayleigh channel model which assumes that a significant line of sight (LoS) component is absent 
and the number of reflections and scattered paths is large enough to sustain communication. The 
channel gain is given as: 
 
 ( ) ( ) ex p { ( )}c c ch t A t j tθ=  (6) 
 
where cA  is the complex channel gain that is a circularly symmetric Gaussian random variable 
with its variance being a function of the degree of multipath and cθ  is the phase shift introduced 
by the channel, uniformly distributed from 0 to 2π [8]. 
 
We will use a baseband equivalent model for the channel, and assume the signal bandwidth is 
narrow enough that the channel appears to introduce frequency flat fading. Thus, the received 
signal in the presence of additive white Gaussian noise ( )n t  is: 
 
 ( ) ( ) ( ) ( )cy t h t x t n t= ⋅ +  (7) 
 
  

2 2×  MIMO SYSTEM 
 

Fig. 3 shows the simplified block diagram of a 2 2×  MIMO system. 
 

 
Fig.  3  2 2×  MIMO system 

 
Where 1 2,x x  and 1 2,y y  are the complex envelopes of the transmitted and the received signals, 
respectively; mnh  is the channel gain from the thm  transmit antenna to the thn  receiver antenna.  
 
The input-output relation is given by: 
 
 Y HX η= +  (8) 
Where  
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1 2[ ; ]Y y y= , 
11 12

21 22

h h
H

h h
 

=  
 

,  1 2[ ; ]X x x= , 1 2[ ; ]n nη =  

With η  being additive white Gaussian noise vector. 
 
The received signals equations are: 
 
 1 11 1 21 2 1y h x h x n= + +  (9) 
 2 12 1 22 2 2y h x h x n= + +  (10) 
 
Thus, each receiver antenna receives signals from both the transmitting antenna. To cancel out 
this crosstalk, the receiver needs an estimate of the channel matrix which requires training 
sequences to be sent at regular intervals. Alamouti coded training symbols [9] are transmitted 
and a channel estimation algorithm is used to estimate the channel coefficients. Here, we use the 
Normalized Least Mean Squares (NLMS) algorithm [10]. 
 
The channel estimate H  calculated by the receiver is sent to the transmitter which pre-codes the 
MIMO transmitter outputs such that the revised transmitted signal vector is 1X H X−′ =   
 
The revised received signal vector is thus: 
 
 1( )Y H H X η−′ = +  (11) 
 
If the channel estimate is accurate, then the crosstalk caused by the 2 2×  channel is cancelled out 
and the received signal vector is: 
 
 Y X η′ = +  (12) 
 1 1 2 2;y x y x= =  (13) 
 
However, due to noise and the limitations of the channel estimation algorithm, the channel 
estimate is often erroneous and as a result, crosstalk distortion and Inter-Symbol Interference 
(due to the uncompensated filtering effect of the channel) corrupt the received signals [11]. 
 
If 
 H H ξ= +  (14) 
Then, 
 1( )Y H H Xξ η−′ = − +   (15) 
 1Y X H Xξ η−′ = − +  (16) 
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PERFORMANCE ANALYSIS OF SISO AND MIMO SYSTEMS 
(TIME INVARIANT CHANNELS) 

 
The spatial diversity exploited by the MIMO architecture for spectral efficiency has the principal 
drawback of additional receiver complexity required to carry out channel estimation. In this 
section we compare the bit error rate (BER) performance at different signal to noise ratios (SNR) 
of the following three schemes with the SOQPSK modulation format and the Rayleigh channel 
model: 
 

1. SISO-SOQPSK without channel estimation; 
2. SISO-SOQPSK with channel estimation; and 
3. MIMO-SOQPSK with channel estimation. 

 
Fig.4 shows the BER curves for the three schemes: 
 

 
Fig. 4 BER curves:SISO1 (without channel estimation), SISO2 (with channel estimation),MIMO 
 
As shown in Fig. 4, at low SNR the BER of a SISO system with channel estimation is worse than 
that of SISO system without it. This is because the heavily corrupted channel estimate shown in 
(6) results in more distortion than channel correction. The same is true for a MIMO system. 
However, with cross-talk being an added problem, at low SNR, the BER performance of a 
MIMO system is far worse than either of the SISO schemes. 
 
However, as SNR increases, the channel estimate becomes more accurate and is able to 
compensate for the filtering effect of the channel and, in case of the MIMO system, the cross-
talk. For the SISO system without channel estimation, the channel adds to the ISI produced by 
the frequency pulse filter and hence, its performance is inferior to the other two schemes. We 
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observe that while the MIMO system has a 1.2 dB gain at a BER of 1e-6 over this scheme, the 
SISO-with-channel-estimation scheme outperforms it by roughly 0.5 dB. This is due to the 
presence of cross-talk in the MIMO scheme. 
 
Thus, Fig. 4 proves that in a multi-path environment, the BER performance of a MIMO system is 
almost at par with that of a SISO system, channel estimation being implemented in both. Given 
that twice the data that can be transmitted in the same spectral width i.e. with twice the spectral 
efficiency, the cross-talk penalty of 0.5 dB at high SNR and 1.5 dB at low SNR seems to be a 
reasonable price to pay. 
 
 

TIME VARIANT CHANNELS 
 

The BER curves in Fig. 4 were calculated by analyzing several symbols sent over a time-
invariant channel. However, practical channels are time-variant i.e. the channel matrix changes 
constantly and as a result, the receiver must update its channel estimate at regular intervals. This 
is the second drawback of the MIMO architecture-data transmission has to be interrupted 
regularly to transmit training symbols for channel estimation.  This in turn reduces the 
throughput of the system. 
 
We model a time variant channel as a first order auto-regressive process, as illustrated in 
Figure 5, and by the equation. 
 

 1M MH aH Nσ−= +  (17) 
Where 

L  is the time index of each iteration in symbols.  i.e. the channel stays constant for L  
symbols 

MH  is the current channel matrix; 

1MH −  is the channel matrix during the previous time index; 
a   is the correlation between MH  and 1MH −  i.e. it is the correlation coefficient of channel 

change; 
2σ   is the variance of the noise matrix added to the channel matrix; and 

N   is a unit variance circular Gaussian noise matrix with the same dimensions as the 
channel matrix [11]. 

 
 

 
 

Fig. 5 Time Variant Channel Model 
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Thus, if a  is small then the channel is changing rapidly while if 2σ  is high then large amounts 
of uncorrelated distortion is being added to the channel. In either case, the probability of error 
increases rapidly if the channel estimate is not re-trained soon. 
 
 

PERFORMANCE ANALYSIS OF SISO AND MIMO SYSTEMS 
(TIME VARIANT CHANNELS) 

 
In this section, we compare the BER performance of the SISO and MIMO systems when channel 
estimation is carried out at different intervals. We also compare the spectral efficiency in terms 
of bits/seconds/Hz of the two systems.  
 
We assume that the channel matrix remains constant for at least 4L =  symbols after training. 
Fig. 6 and Fig. 7 show the BER curves for SISO and MIMO systems, respectively. 
 

 
 

Fig. 6 Channel Estimation at different intervals for SISO 
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Fig. 7 Channel Estimation at different intervals for MIMO 

 
As expected, the BER performance is worse when channel estimation is carried out every 8 
symbols as opposed to every 6 symbols-a penalty of roughly 1 dB is incurred in both the SISO 
and the MIMO cases. Since Alamouti coded training requires two symbols, the effective data 
rate is either 75% or 80% of the theoretical data rate depending on whether the training interval 
is 6 or 8, respectively. Thus, for a higher effective data rate, the training intervals must be 
increased but at the penalty of BER performance. 
 
Though the BER curves for MIMO are inferior to those of SISO, even with frequent training, the 
effective throughput is greater than that of a conventional SISO channel. Only when the channel 
changes so rapidly that training is required every 2 symbols, is this advantage of MIMO systems 
lost. 
 
If the number of multiplicative operations in demodulating each bit is considered as the measure 
of receiver complexity, a SISO system with channel estimation is 10% more complex than a 
conventional SOQPSK receiver while the same figure for a MIMO system is 25%. The cross-
talk penalty and the degree of added receiver complexity will vary according to the algorithm 
used for channel estimation. 
 

CONCLUSIONS 
 

The BER simulations carried out for SISO and MIMO systems under different conditions prove 
that a maximum BER penalty of 2dB is incurred when the SOQPSK format is used in the MIMO 
architecture. Conventional SOQPSK transmitter and receiver models can be integrated at the cost 
of 25% additional complexity to achieve almost double the spectral efficiency. The effective 
throughput varies according to the channel conditions. 
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