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Abstract-Bandwidth restrictions for flight test operations 
have led the designers world over to graduate from analog 
telemetry schemes to more compact digital telemetry schemes. 
Proper precoding and pulse shaping of non-return to zero (NRZ) 
waveforms are necessary prior to digital modulation for limiting 
the bandwidth of power spectrum of the NRZ pulses. The most 
common pulse shapes used are Gaussian filter for Gaussian 
minimum shift keying (GMSK), raised cosine filters, etc. Re
cently shaped offset quadrature phase shift keying (SOQPSK) is 
introduced as a bandwidth efficient modulation technique. In this 
paper, we report the bandwidth efficiency of SOQPSK for S-band 
airborne data links working at 4 Mbps rate [1]. Our results show 
that the SOQPSK-TG is the more bandwidth efficient modulation 
scheme than GMSK for telemetry applications. 

I. INTRODUCTION 

Telemetry schemes currently functioning in most fighter 
aircrafts are analog (PCM/FM) schemes comprising of inputs 
from analog video and audio channels, data from analog 
vibration sensors, and digital PCM parameters from various 
other inputs. Quadrature phase shift keying (QPSK) and 
their offset version (OQPSK) are major varieties of digital 
modulation schemes those require less bandwidth compared 
to analog (PCMIFM) schemes. The abrupt phase changes 
between symbols in QPSK based schemes lead to envelope 
distortion with more power in the sidelobes of the spectrum 
[2]. 

The phase of the signal changes smoothly from one symbol 
to another symbol as a function of frequency pulse in continu
ous phase modulation (CPM). This ensures constant envelope 
modulation that reduces spectral re-growth and avoids signal 
distortion due to nonlinearity in high power amplifiers. The 
strength of the side lobe levels of the spectrum are further 
reduced by passing the modulating NRZ data through pre
modulation pulse shaping filters. Baseband pulse shaping 
smoothens the phase trajectory of signal, and hence stabilizes 
the instantaneous frequency over time. 

The phase in CPM signal is [3] 

j+CXJ +CXJ ¢(t,o) = 27fh L oig(t - iTs)dt . 
- 00  i=-oo 

(1) 

Here, g(t) is the frequency pulse, h is the modulation index. 
The phase of the signal is continuously varied with respect to 
get). The coefficient 0i stands for the current pre-coded data 
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bit depending on the modulation scheme of CPM. Gaussian 
minimum shift keying (GMSK) is a major variety of CPM 
where Gaussian frequency pulses are utilized for g(t). Re
cently shaped offset quadrature phase shift keying (SOQPSK) 
is introduced as a bandwidth efficient modulation technique 
where data precoding and frequency pulse design take care 
for channels with higher premium on bandwidth. 

In this paper, we discuss the design parameters of the 
frequency and phase pulses for GMSK and SOQPSK. Data 
pre-coding techniques for the CPM modulation schemes are 
shown through the Trellis diagrams depending on the changing 
input symbols. The actual trial results of PCM/FM, GMSK 
and SOQPSK in S-band transmission for flight telemetry 
applications at 4 Mbps rate are reported. 

II. ANALYTICAL MODELLING OF GMSK AND SOQPSK 
MODULATION 

A. GMSK Modulation Scheme 

The phase function ¢(t,o) of GMSK modulation for h = 

0.5 is 

(2) 

Here,oi = (-1)ididi_1 are the pre-coded output symbols 
and di is the ith message bit to be transmitted. For GMSK, 
convolution of the gate function rect( ';8) with the Gaussian 
impulse response function p(t) produces the frequency pulse 
g(t)where Ts is the symbol duration [4]. 

1 t2 
p(t) = aTsv'2ii exp( - 2a2T;) (3) 

The standard deviation a = il;�: of p(t) decides the 3-
dB bandwidth of the GMSK modulated signal. As the BTs 
product gradually increases to 1 the occupied bandwidth also 
increases leading to inter-channel interference. If BTs de
creases from 1 towards 0 the impulse response becomes wider 
that leads to inter-symbol interference and lesser bandwidth for 
modulated signal. The GMSK frequency pulse and its phase 
response are shown in Fig. 1. The frequency pulse in Fig. 1 is 
shown in continuous line, and the corresponding phase pulse 
is given in the dotted line. The smoothness of phase variation 
of modulated signal depends on the smoothness of the phase 
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curve. The frequency pulse shown in Fig. 1 is for BTs = 0.25 
for telemetry applications, and the Gaussian pulse width is of 
two symbols duration. We have considered r�:::: g(t)dt= 0.5 
in this case. In the GMSK modulation scheme shown in Fig. 

.. ' .' 

Time samples 

Fig. l. GMSK frequency and phase pulses. 

Inpul Data Pre Coded 
dl data stream I� a, g(t) ----a-----. '":- [j�l 

Fig. 2. GMSK modulation in I and Q channel representation. 
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Fig. 3. Trellis diagram of GMSK. 

2 the data stream is pre-coded prior to filtering with g(t). The 
phase function ¢(t, CY) is obtained by integrating the frequency 
pulse response. The phase modulated RF signal is produced 

by the in-phase and quadrature phase modulation shown in 
Fig. 2 that produces the GMSK output signal. 

The phase and state variations of the pre-coded data in 
GMSK is shown in the Trellis state diagram of Fig. 3. This 
diagram shows the information of all possible output states 
with their possible phases. For each input state in the diagram 
there are two possible output states depending on the current 
message bit. The phase change of the current state depends on 
the previous phase and the previous message bit. In Fig. 3 the 
thick line represents the transition of state for bit 1 and the 
dotted lines represents the transition of state for bit 0. The four 
possible phases of output in GMSK for h=0.5 are 0, �, Jr, and 
3; as shown in Fig. 3. Total 16 possible states occur depending 
on four possible phases and four possible combinations of 
message bits. This transition of states in the Trellis diagram 
is useful at the receiver to decode the transmitted symbols 
depending on the phase changes from one state to another. 

B. SOQPSK Modulation Scheme 

The modulation scheme with pre-coder and frequency pulse 
for SOQPSK is shown in Fig. 4. However, in SOQPSK the 
message bit stream is divided into in-phase (I) and quadrature 
phase (Q) channels, and one of them is delayed by half symbol 
time (Ts/2) duration as it happens for OQPSK. It is also called 
ternary CPM, as it generates CYi E{ -1, 0, I} from di using the 
precoding algorithm given in [5]. 

(-1 )i+1di_1 (di - di-2) 
CYi = 

2 
. (4) 

The ternary data CYi determines the phase transitions {-�, 0, 
+� } corresponding to CYi equals to {-I, 0, I} such that CYi never 
assumes values {I ,-I} for consecutive bits or vice versa. The 

Data 
Source 

I(t
) 

,------, 

, 
g{t) 0 Phase Set) - J - modulation -� 

Oi 

Precoder 
Q(t} 

Offset 0(1,0) 

Fig. 4. Block Diagram of SOQPSK modulation scheme . 

8 state transitions of precoder data for SOQPSK modulation 
is shown in the Trellis diagram of Fig. 5. Depending on the 
value of CYi two states are considered in the diagram, current 
state and the next state. Each state is represented in three bits 
with the MSB representing the status of the input whether 
it is I or Q. The MSB value of 1 stands for I channel data 
while Q channel data is represented with 0. The next bit and 
LSB together represent the present I-Q data at the precoder 
input. This I-Q symbol can take four possible values among 
{00, 10, 11, Ol}, and are mapped to corresponding phase 
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states, e.g.,{�, 3; , 5; , 7;} respectively. Hence, each I-Q data 
corresponds to one phase state. 

For example, consider the first state in Fig. 5 that is 000. In 
this case, the MSB represents the Q channel data present at 
precoder input having value either 1 or 0, with the present I-Q 
symbol as 00 specified by next bit and LSB together. Only one 
bit changes at a time as at the precoder input it is OQPSK. 
SO here Q channel data would change while transiting to the 
next state with MSB. Hence, the next state would be either 
100 or 101. Consider the next state is 101 with MSB as l. 
Therefore, the terminating phase state is 7; . Hence, the phase 
change occurred is -�. Assuming binary to antipodal mapping 
0-+1, 1-+-1 so that the present I-Q symbol representing di-2 
and di-1 have transition to -1 and 1 respectively. In this case 
the value of i is odd as we have considered the case for the 
Q channel. After substituting the values of data bits in (4) the 
value of Cti is -1, marked on the corresponding Trellis path. 

Current state; Ci Next state 

000 

001 

010 

011 

100 

101 

110 

111 

Fig. 5. State Trellis diagram for SOQPSK. 

There are several varieties of SOQPSK scheme in which 
SOQPSK-TG is the most popular version as it achieves supe
rior spectral containment of energy compared to other versions 
of SOQPSK. It can be viewed as hybrid of OQPSK and MSK. 
In MSK, diE {-I, +1} whereas in SOQPSK-TG the precoded 
transition is between { 0, -I}, and {O, + I}. SOQPSK -TG 
frequency pulse is denoted by gTC, and is expressed as [6] 

gTC(t) = n(t)w(t) . (5) 

The raised cosine impulse response n(t) is defined as [3] 

n(t) = 

Acos((7rpBt)/Ts) sin(7rBt/Ts) 
1 - 4(pBt/Ts)2 (7rBt/Ts) 

(6) 

.,,;--7---T---7-----!--�,C__-T_-_;_-_+_-_+-� 
Timo 

Fig. 6. SOQPSK frequency pulses. 

and window function w(t) is [3] 

{I for I { I < t < Tl 
w(t) = � + �cos 7l"1�2-Tl 

for Tl < I�I < Tl + T2 
° for Tl < I � I < Tl + T2. 

(7) 
Where Tl and T2 together decides the time duration of 
frequency pulses after applying raised cosine window on it. 
The time domain plot of gTC(t) is shown in Fig. 6, and is 
compared with the other varieties such as SOQPSK-A and 
SOQPSK-B frequency pulses. The parameters for deriving 
these frequency pulses are given in Table I. 

Fig. 7. Simulated Spectral Comparison. 

Parameter 

P 
B 

Tl 
T2 

TABLE I 
FREQUENCY PULSE PARAMETERS. 

SOQPSK-A SOQPSK-B SOQPSK-TG 

1.0 0.5 0.7 

1.35 1.45 1.25 

1.4 2.8 1.5 

0.6 1.2 0.5 
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III. RESULT S 

The simulation results of spectrum plots of GMSK and 
SOQPSK-TG with respect to PCM-FM are shown in Fig. 
7. We have utilized 4 Mbps data rate that is a comparable 
number for video, audio and other data streams required for 
digital telemetry [6]. It is seen from the spectrum plots that 
the SOQPSK-TG occupies the least of 99% bandwidth among 
the three modulation schemes, and the PCM-FM occupies the 
highest bandwidth. We now show the practical transmission 

Fig. 8. Practical PCM-FM Spectrum at 4 Mbps in S-band. 

Fig. 9. Practical GMSK Spectrum at 4 Mbps in S-band. 

Fig. 10. Practical SOQPSK Spectrum at 4 Mbps in S-band. 

results at S-band frequency of 2.3 GHz for a data rate of 
4 Mbps in Fig. 8-10, and compare the bandwidth efficiency 
with the results of simulation shown in Fig. 7. The simulated 
99% bandwidth of PCMIFM modulation in Fig. 7 is around 
4.64 MHz that is 1.16Rb, where Rb is the data rate. From 
the practical implementation in Fig. 8 the bandwidth occupied 

TABLE II 
THEORETICAL PARAMETER VALUES. 

Characteristics PCM/FM GMSK 

Link margin 3.73 Watts 2.34 Watts 

99%bandwidth 4.64 MHz 4.4 MHz 

Bandwidth efficiency 0.7 0.73 

Characteristics 

99% bandwidth 

Link margin 

TABLE 1Il 
PRACTICAL RESULT VALUES. 

PCM/FM GMSK 

4.26 MHz 3.63 MHz 

4.94 Watts 4.94 Watts 

SOQPSK-TG 

3.73 Watts 

3. 12 MHz 

0.8 

SOQPSK-TG 

3. 11 MHz 

3.72 Watts 

is 4.26 MHz. Similarly, for GMSK it is around 4.4 MHz in 
Fig. 7 that is 1.lRb , and the practical bandwidth occupancy 
in Fig. 9 is 3.6264 MHz. For SOQPSK-TG implementaion 
the 99% bandwidth is around 3.12 MHz in Fig. 7 that is 
0.7SRb where as the practically occupied bandwidth in Fig. 
10 is 3.11 MHz. This proves the efficiency of SOQPSK as the 
digital transmission scheme for S-band telemetry of airborne 
platforms. 

IV. CONCLUSION 

We have reported here practical implementation along with 
theoretical simulations of power spectrum for SOQPSK-TG, 
GMSK modulation schemes compared to conventional analog 
PCMlFM telemetry schemes. Our results show that bandwidth 
efficiency of SOQPSK-TG scheme is a good choice for digital 
telemetry purposes. In arriving these results we have shown 
the detailed analysis of data precoding, and frequency pulses 
to be utilized for such transmission schemes. 
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