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ABSTRACT

The performance of Trellis coded QPSK in Mobile radio communication channels characterized by fast Rayleigh
fading is studied using Mont Carlo simulation. The receiver consists of one-bit and two-bit differential detectors
followed by Viterbi decoding. Previously published work showed that using this receiver improves the bit error
rate of QPSK in additive white Gaussian noise channels. However, the performance of this receiver in fast
Rayleigh fading has not been studied yet. In this paper we present simulation studies of this receiver to detect
4-state Trellis coded QPSK in fast Rayleigh fading. The mobile radio channel simulator using FIR digital filter
is described. Simulation results computed by Mont Carlo counting techniques are presented at different fading

rates and signal-to-noise ratios.
INTRODUCTION

Trellis coded modulation (TCM) [1] has been proposed
for high speed voice-band data transmission [2]. Recently,
application to mobile radio and mobile satellite systems
was also proposed in [3-5]. It was reported in [3] that
multiple differential detectors as well as interleaving can
improve the bit error rate (BER) performance of
differentially detected TCM. The BER results obtained
using Mont Carlo simulation were presented there for
different configurations of differential detection and
interleaving. In [4], a sequential decoder was developed to
improve the BER in white Gaussian noise channels. More
receiver structures were introduced in [6] to improve the
BER of differentially detected MSK and QPSK systems
using the one- and two-bit differential detector outputs for
maximum likelihood sequence estimation. However, the
BER performances of these receivers were studied in
additive white Gaussian noise (AWGN) channels only.

In [7], we had studied the performance of two-state
trellis coded 4 differential phase shift keying (4-DPSK)
system in mobile radio channels.

In this paper, we investigate the performance of four-
state trellis coded differential quadrature phase shift
keying (DQPSK) with a combination of one-bit and two-
bit differential detectors followed by Viterbi decoding. A
channel simulator using Finite Impulse Response (FIR)
digital filter is introduced. Different fading rates are
studied by varying the filter coefficients.

In section II, the signal and system models are
described. In section III, the UHF mobile radio channel
simulation using digital filtering is described. In section IV,
* the receiver performance is analyzed and the basic

simulation equations are derived. Finally, simulation
results are presented in section V.
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Figure 1. Block diagram of the trellis coded QPSK
modulator.

SIGNAL AND SYSTEM MODEL

The transmitter was described in detail in [4] and is
shown in Figure (1). It consists of a convolutional encoder
with rate 1/2, and has 2-past bits, a phase mapper, a
differential encoder and a PSK modulator. The input to
the 4-state convolutional encoder is an equiprobable
independent binary sequence a, = 0 or 1.

For each input bit a,, the convolution encoder produces
two output bits bk1 and bk2 where:

b, =2, ®a, &)
and2
b =a ®a, ®a.,

Figure (2) shows the trellis diagram for the convolutional
coding. The phase mapper converts the code binary
sequence into M-ary PSK symbols as follows [4]:
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g = e/, @)
where

A8, = {12 + [(¢-()b%) bl + B-Ob1H(x/2) (3)
The output of the PSK modulator is given by
sg(t) = cos (w .t + 6);

where

kT <t < (k+1)T (4)
mod 2.

The phase difference can be expressed as

8(kT) - B(kT-T) = m(k) (n/2) )
where ’
m(k) = 0, 1, 2, or 3.

Table I shows the relationships between bkz, bkl, m(k)
and S%,.

Table 1.
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Figure 2. Trellis diagram of the convolutional coding.

MOBILE RADIO CHANNEL SIMULATION

The UHF mobile radio channel is characterized by
multiple signal paths between the transmitter and receiver
due to reflections from buildings, terrain, and other
scattering structures. This causes signal fading. The rate at
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which the signal envelope fades is directly proportional to
the speed of the mobile receiver [8].

Analytically, this observation manifests itself as Doppler
frequency shift associated with each signal component.
Due to the Doppler effect, a transmitted single frequency
carrier results in multiple signals at the receiver having
comparable amplitudes, random phases, and relative
frequency shifts confined to the Doppler spread about the
carrier frequency. The power spectrum of the Rayleigh
fading signal is shown in Figure (3) and can be expressed
as

EZ
S.(f) = |f] < f
T 2w/ ° ©
=0 otherwise

where E is the rms value of the signal envelope, fp is the
maximum Doppler shift.

The spectrum depicted in Figure (3) is simulated by
passing white Gaussian noise through a shaping filter
whose squared magnitude response approximates the ‘
spectrum of the Doppler shift [9]. We selected a Finite
Impulse Response (FIR) digital filter designed by the
frequency sampling techniques [10] summarized in the
following. Assuming that the FIR digital filter has impulse
response duration of k samples, then the filter transfer
function Hp, (z) is given by

K-1

Hp(z) = Y, hp(k)z™ )
k=0

where hg (k), k = 0, 1, 2, ... K-1 are the filter coefficients.
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Figure 3. Power spectrum of the received in-phase an
quadrature-phase signals.

They are calculated from the samples Hp (n), n = 0, ],
2, ... K-1 of the frequency response as follows
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K=l E

n=0

hp(k) = —

. where Hg(n) = H (el2"/K)

K was taken equal to 1000 samples equally spaced in
frequency between 0 and 27 in our simulations.

We considered the cases f, T = 0, .001, .003 and .005
and calculated the filter coefficients in each case, then
evaluated the frequency response and compared it with the
desired response to make sure that the approximation is
good.

Two independent Gaussian sequences v(kT) and u(kT)
are generated by passing two independent white Gaussian
noise sequences G1(kT) and G2(kT) through this filter.

Therefore,

k

v(kT) = ¥ G1(cT) hg((k-¢)T)
c=0
®
k
u(kT) = X G2(cT) hg((k-¢)T)
c=0

The sequences v(kT) and u(kT) are used to simulate the
received faded signal at the receiver.

RECEIVER PERFORMANCE ANALYSIS AND
SIMULATION

The signal x_ (t) at the input of the receiver can be
represented as

X (1) = v(t) cos (0t + Qk)
-u(t) sin (@, t + 6) + n,. (1) (10)
kT<t<(k+ DT
where v(t) and u(t) are independent lowpass Gaussian
processes with the spectrum shown in Figure (3) and
D 4ie(t) is white Gaussian noise. The receiver block
diagram is shown in Figure (4) and has been described in
detail in [6]. Assuming that the IF filter has a Gaussian
transfer function and a bandwidth much bigger than the
maximum Doppler shift, the output y(t) can be expressed
as
y(t) = v(t) cos (w .t + 6,)
-u(t) sin (w t + 6,) + n(t)

(11
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and

n(t) = (12)

n, (t) cos (w_ t) - ng(t) sin (W, 1)
where n, (t) and ng (t) are iid. lowpass Gaussian
processes having Gaussian spectra. They can be generated
by passing two ii.d. white Gaussian noises G3(t) and
G4(t) through a lowpass filter of Gaussian impulse
response hg, (1)

G3(t) * b ()

G4(t) * hg,ue (O

n, (1)
ng (1)

(13)

where * denotes convolution.

L 4
Rayleigh fading 4"

A
Viterbi | ™
Decoder

Figure 4. Block diagram of the receiver.

In the simulation, two corresponding sequences n_ (kT)
and ng (kT) are generated by discrete convolution

's
n.g (kT) = _?003,4(i)h03m((k—i)T)

(14)

Let the subscript k denotes the sample at t = kT, then

y (kT) = v(kT) cos (w kT + 6,)

- u(kT) sin (0 kT + 8,) + n  (kKT) (15)
where

n, (kKT) = n(kT) cos(w, kT) - ng(kT) sin(w, kT) (16)

Delaying the signal by a T second and shifting the
carrier by + 1t /4 yields
Y&T-T)_ 40 = v(KT-T) fcos(w (KT-T) + 6 (KT-T) + 45°))

-u(kT-T) sin(o (KT-T) + O (kT-T) £ 45° )} +0,(KT-T) 4.
an

where
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no(KT-T), 450 = n(KT-T) {cos(w (KT-T) £ 45°)}

- ny(kT-T) {sin(w (kT-T) + 45°)}

(18)

The outputs from the differential detectors are given by

d;;(kT) = LP{y(kT) y(kT—T)}+450

d;o(kT) = LP{y(kT) y(kT-'r)}_45o

d,;(kT) = LP{y(kT) y(kT—2T)}+450

dyo(kT) = LP{y(kT) y(kT—ZT)}_4so

19)

where LP denotes taking the lowpass components. Taking
the carrier frequency as integer multiple of the bit rate,

and after some manipulaiton, we get

1 °

1 . °
—Evkuk_lsm(—(ﬂk-ek_l-—‘ﬁ ))
1 . [}
—;ukvk_lsm(ﬂk—ﬂk_l—‘ﬁ )

+%ukuk_1cos(9k—f)i:_1 -45°)

4
+Y { n(kT)n, (kT-T)}

ot +45°
1 °
1 . °
—;Vkuk_lsm(-(ek"ek_l +45 ))
1 . °
—;ukvk_lsm(ﬂk—ﬁk_l+45 )

+%ukuk_1cos(6k-6k_1 +45°)

4
+1=21 { n,(kT)n, (kT-T)}_c0

(20-a)

(20-b)

dyy(KT) = %vkvk_zcos(ﬁk-ﬂk_z—ﬁ")
1 . °
_—Z-Vkuk_zsm(—(ek—ek_z—45 ))
—%ukvk _zsin(ek"ek_z_45°)

+%ukuk,2COS(6k—6k_2—45°)

4
+Y {n/(kT)n, (kT-2T)} 4c0
1=1

dyq(KT) = -;-vkvk_zcos(ﬁk—ﬂk_2+45°)
1 . o
“S UV sin(8, -8y, +45°)

+%ukuk_2cos(9k—6k_2+45°)

4
+Y {n,(kT)n; (kT-2T)}

-45°
I=1

where

4
12-‘; {0, (kT)0) (kT -T)} 4q0 =[5V, c08(£45° -8,)
+7U,Sin(£45° -8,) +-n_ cos(+45°)+ng sin(+45°)]n
+[-3 Vi Sin(£45° -6,) + 2u,cos(£45°-0,)
-0, Sin(£45°) + 2 ng cos(+45°)]ng
+30, [V, 1008 (-0, ,~(+45°))+u, sin(-6, | -(+45%))]
+20g [v, sin(-8, ;~(+45°))+u,_jcos(-8, , ~(+45°))k
and
4
Y I (kT)n; (kT-2T)} 4q0 =[5V co8(245°-6)
1=1
+2U,Sin(+45° -0,)+2n_ cos(z 45°)+_ng sin(+45°)]n,
+[-Lv,sin(+45°-0,) + Lu,cos(245° -0,) '
-0, Sin(245°) + 1ng cos(+45°)]ng .
+20, [V, ;008(-8, ,~(£45°))+u, sin(-8, ,~(+45%)]

+%nst[vk_2sin(—6k_2-(t 45°))+u,_,008(-0, ,~(+45%)))

B 42 Alexandria Engineering Journal, Vol. 30, No. 2, April 1991



ELNOUBI, FAHMY and EL-BADAWY: Performance of Trellis Coded QPSK in Mobile Radio Channels

Knowing the quantities dy; (kT), d;q (kT), dy; (kT) and
dyq (KT), the four state Viterbi decoder finds the trellis
path of maximum likelihood by estimating m(k) or A8,
and then Sk1 Sk2 (see Table I).

In other words, the decoder uses a maximum likelihood
sequence estimation (MLSE) algorithm to find the symbol
sequence which is closest to the received signal. This
algorithm has been described in detail in [6] and was used
in our simulations.

SIMULATION RESULTS

Each simulation uses a known pseudorandom binary
sequence {a,}.

The other sequences required {u}, {v.}, {n,}, and
{ny} are generated by filtering white Gaussian noise
sequences as described in the previous sections.

The sequences {d;}, {dq}, {dy} and {d,q} are then
computed from the equation derived in the previous
section. The decoding algorithm estimates the sequence
{mi(k)} and the corresponding data sequence {3). The
error rate is calculated by counting the number of
disagreements between the sequences {4 } amd {a,} and
dividing it by the sequence length. The simulation process
is repeated many times to find the average bit error rate.
The results are shown in Figure (5). It is concluded that
the performance of the receiver proposed in [6] is good in
mobile radio channels.
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Figure 5. BER results.
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