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Abstract

The pulse amplitude modulation (PAM) decomposition of

continuous phase modulation (CPM) signals has been re-

cently revamped to give another view of ternary shaped

offset quadrature phase shift keying (SOQPSK) signals as

duobinary CPMs. Taking advantage of this approach, we

propose a new linear detector that operates using a decision

feedback mechanism. We show that the proposed solution

offers a very acceptable bit error rate (BER) performance

without the need to employ a Viterbi algorithm.

1 Introduction

Shaped offset quadrature phase shift keying (SOQPSK) is a

bandwidth efficient single carrier continuous phase modula-

tion (CPM) widely used in aeronautical telemetry and deep

space communications [1]. It is distinguished by its ternary

alphabet that is generated using a precoder described in [2],

and it was developed as a variant of shaped binary phase-

shift keying (SBPSK) [3]. The first version of SOQPSK

was first adopted as a part of a military standard [4], and

was referred to as MIL-STD SOQPSK or SOQPSK-MIL.

Then, more bandwidth efficient variants of SOQPSK were

introduced by Hill [5] and were referred to as SOQPSK-A

and SOQPSK-B. The good spectral efficiency of these ver-

sions compared to SOQPSK-MIL is achieved thanks to the

partial response nature of the frequency pulse. This mod-

ulation is non-proprietary, and its partial response versions

can lead to similar bit error rate (BER) performance to the

proprietary Feher QPSK [6]. These attractive characteris-

tics led to adopting a SOQPSK variant, namely SOQPSK-

TG (less known as SOQPSK-A*) in the inter range instru-

mentation group (IRIG) recommendations [7] as a Tier 1

telemetry modulation along with FQPSK.

The CPM nature of SOQPSK makes this modulation very

attractive for long distance wireless transmissions as power

amplifiers can be used near their maximal throughput with-

out distorting the signal. However, its ternary alphabet and

its long frequency pulse make demodulating the signal us-

ing the CPM definition complex especially for SOQPSK-

TG. The optimal detector for the latter requires a Viterbi al-

gorithm composed of 512 states as highlighted in [8]. Sev-

eral representations and approximations have been studied

in the literature to get reduced complexity detectors for SO-

QPSK such as the cross-correlated trellis-coded quadrature

modulation (XTCQM) representation [9] and the pulse am-

plitude modulation (PAM) decomposition [10, 11]. In this

paper, we focus on the PAM decomposition described in

[11], where it has been shown that SOQPSK can accurately

be approximated as a single PAM because most of the sig-

nal energy is contained in one pulse. We take advantage

of this consequence, and we propose a linear detector with

a decision feedback mechanism using the Ungerboeck ap-

proach [12] that offers very attractive BER performance.

2 SOQPSK Signal Model

The complex envelope of SOQPSK is expressed as follows

[13]

s(t; ᾱ) =

√

Es

T
exp

{

j∑
n

αnq(t − nT)

}

, (1)

where Es is the energy per information symbol, T the sym-

bol time duration and ᾱ = {αn}n∈Z are ternary symbols

from the alphabet {−1,0,+1} and are generated according

to the following mapping:

αn = (−1)n+1 bn−1(bn − bn−2)

2
, (2)

where {bn}n∈Z ∈ {−1,+1}. The Function q(t) is the phase

pulse and represents the time integral of the frequency pulse

g(t) whose time support is equal to LT . If L = 1, the signal

has a full response frequency pulse. Otherwise, the signal

has a partial response one. The phase pulse q(t) is defined

as

q(t) =











0, t ≤ 0

2hπ
∫ t

0 g(τ)dτ, 0 < t < LT

hπ , t ≥ LT ,

(3)

where h = 1
2

is the modulation index for SOQPSK and
∫

g(t)dt = 1
2
.

3 PAM decomposition of SOQPSK

3.1 Duobinary PAM decomposition (DBD)

The duobinary PAM decomposition exploits the mapping

described in Section 2. If we expand (2), the symbol αn can

be expressed as follows:

αn =
1

2
(γn + γn−1), (4)



where

γn = (−1)n+1bnbn−1. (5)

From (4), it is seen that αn is the output of a duobinary

encoder applied on γn. Therefore, SOQPSK can be inter-

preted as a binary CPM with an equivalent frequency pulse

geq(t) =
1
2
(g(t)+ g(t −T )) of length Ld = L+ 1. As a re-

sult, SOQPSK can be written as in [11]

s(t; ᾱ) =
M−1

∑
k=0

∑
i

ρk,iwk(t − iT ), (6)

where M = 2Ld−1, and the expressions of ρk,i and wk(t) are

detailed in [11]. SOQPSK-MIL can be decomposed into a

sum of M = 2 PAM pulses. As for SOQPSK-TG, an exact

PAM representation requires M = 256 pulses. In both cases,

it has been shown in [11] that the first pulse w0 contains

more than 97,5% of the total signal energy. Therefore, both

versions of SOQPSK can be approximated using a single

pulse w0 as follows

s(t; ᾱ)≈ ∑
i

b2iw0(t − 2iT )+ j∑
i

b2i+1w0(t − (2i+ 1)T).

(7)

The pulses of SOQPSK-MIL and SOQPSK-TG are plotted

in Fig. 1. Equation (7) shows that the odd bit sequence is

time shifted by one bit period. Therefore, if we consider a

symbol composed of one even bit and one odd bit, we go

back to the definition of the classical OQPSK with w0(t) as

a shaping pulse of length 3T for SOQPSK-MIL and 10T

for SOQPSK-TG.
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Figure 1. PAM representation of SOQPSK-MIL &

SOQPSK-TG using DBD

4 Linear decision feedback detector

One of the consequences of the PAM decomposition is to

develop reduced complexity detectors. If we conceive a

Viterbi detector based on (1) for instance, it would be op-

erating with 1024 states for SOQPSK-TG since the bit rate

sampled version of this signal depends on 11 bits. In this

section, we exploit the knowledge of the main waveform

that links SOQPSK to OQPSK to develop a linear decision

feedback detector. To do so, we consider that SOQPSK can

be approximated by using only the main pulse (see (7)) and

that N bits are transmitted. The received signal is then ex-

pressed as

r(t)≈
N−1

∑
m=0

ρ0,mw0(t −mT )+ n(t), (8)

where n(t) is an additive complex white Gaussian noise

(AWGN) with double-sided spectral density N0. The log-

likelihood function for b̄ is

Λ(b̄) =
−1

2N0

∫ NT

0

∣

∣

∣

∣

∣

r(t)−
N−1

∑
m=0

ρ0,mw0(t −mT )

∣

∣

∣

∣

∣

2

dt. (9)

The mathematical development of (9) leads to the following

expression

Λ(b̄) = 2Re

[

N−1

∑
m=0

ρ∗
0,my(m)

]

−
N−1

∑
m=0

N−1

∑
n=0

ρ∗
0,mRw(m− n)ρ0,n

(10)

where

Rw(k) =

∫

w0(τ)w0(τ − kT )dτ, (11)

and

y(m) =

∫

r(t)w0(t −mT )dt. (12)

Ungerboeck showed in [12] that (10) can be simplified as

Λ(b̄) = ∑
m

Re

[

ρ∗
0,m

(

y(m)−ρ0,m
Rw(0)

2
− ∑

n≤m−1

ρ0,nRw(m− n)

)]

,

(13)

= ∑
m

λ (m). (14)

The simplification of (13) depends on the properties of the

auto-correlation function Rw. Depending on the used fre-

quency pulse, Rw can approximately be zero after several

bit periods. Fig. 2 displays Rw for the SOQPSK-TG and

SOQPSK-MIL.

time (t/T)

-4 -3 -2 -1 0 1 2 3 4

A
m

p
lit

u
d
e

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
R

w
 of SOQPSK-TG 

R
w

 of SOQPSK-MIL

Figure 2. Auto-correlation Rw of w0(t)



From Fig. 2, (13) can be simplified by considering that

Rw(k) = 0 for k ≥ 3. Moreover, given the fact that the au-

torcorrelation Rw is real-valued, the metric λ (m) can be ex-

pressed as follows

λ (m) =

{

bm [Re(y(m))− bm−2Rw(2)] , m even,

bm [Im(y(m))− bm−2Rw(2)] , m odd.
(15)

It has been shown in [14] that the detection process can be

performed via a Viterbi algorithm. In this paper, we propose

instead to keep the integrate & dump detection structure

while taking advantage of the estimated bits of the previous

epoch by introducing a decision feedback mechanism. If

we denote b̂m−2 the estimation of bm−2 at epoch m−2, then

λ (m) becomes

λ (m) =

{

bm

[

Re(y(m))− b̂m−2Rw(2)
]

, m even,

bm

[

Im(y(m))− b̂m−2Rw(2)
]

, m odd.
(16)

Since we deal with a maximization problem, (16) leads to

the following decision feedback (DF) linear detector

b̂m =

{

sign
(

Re{y(m)}− b̂m−2Rw(2)
)

, m even,

sign
(

Im{y(m)}− b̂m−2Rw(2)
)

, m odd.
(17)

We can also notice that even and odd indexed bits can be

processed independently like the other linear OQPSK-type

detectors given in [15]. The architecture of this detector is

depicted in Fig. 3.

Received

Signal

P L tG6

P L tG E s 6

Matched 

filter

S4
Û:FP;

Even

bits

Odd

bits

à>6Þ>5

à>6Þ

Figure 3. Linear decision feedback detector architecture

4.1 Simulation results

We plot in Fig. 4 and Fig. 5 the BER performance of DF

detector for both SOQPSK versions. We also plot the BER

performance of the Viterbi detector given in [14] as well as

the case where the linear detector is used without a decision

feedback mechanism (i.e., by considering that Rw(2) = 0).

We can notice from these figures that this mechanism im-

proves the performance of the detector by almost 0.6 dB for

SOQPSK-MIL and 1 dB for SOQPSK-TG at BER= 10−5

without the need to use a Viterbi algorithm. That makes this

solution attractive for real-time implementation.
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Figure 4. BER performance of the proposed DF linear de-

tector - SOQPSK-MIL
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Figure 5. BER performance of the proposed DF linear de-

tector - SOQPSK-TG

5 Conclusion

In this paper, we took advantage of the PAM decomposi-

tion of SOQPSK to develop a new linear decision feedback

detector. The latter is based on the Ungerboeck approach

and offers very acceptable BER performance without using

a Viterbi algorithm.
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