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ABSTRACT

The effects on the performance of differentially de-
tected Gaussian Minimum Shift Keying (GMSK) sig-
nals operated in the presence of adjacent channel
interference (ACI), modulator impairments, ampli-
fier nonlinearities and additive white Gaussian noise
(AWGN) is investigated. By means of computer sim-
ulation, the bit error rate (BER) performance of 1-
and 2-bit conventional and decision feedback differ-
entially detected (C-DD and DF-DD) GMSK sys-
tems in the presence of static and Rayleigh faded
ACI is obtained. It is found that the best perfor-
mance is achieved by the 2-bit DF-DD receiver and
has resulted in BER performance improvements for
the static ACI channel and error floor reductions for
the Rayleigh faded ACI channel.

1. INTRODUCTION

The adoption of Gaussian Minimum Shift Key-
ing (GMSK) signals [1], as the transmission standard
for various wirelss mobile telecommunication systems,
such as the pan-European digital cellular network
(GSM) [2] and the digital European cordless telecom-
munications (DECT) [3], has established its impor-
tance as a modulation scheme.

Among the various signal detection techniques
which can be employed in conjunction with GMSK
signals, decision feedback differential detection (DF-
DD) has been proposed to improve the performance
of conventional differentially detected (C-DD) GMSK
schemes [4], [5]. Although in the past, the DF-DD
technique has been considered under different oper-
ating conditions, including the additive white Gaus-
sian noise (AWGN) channel [4], fading [5], [6], and
co-channel interference (CCI) [7], so far it has not
been investigated in the presence of adjacent chan-
nel interference (ACI). Despite the fact that for cel-
lular mobile radio systems, ACI is a less problem-
atic interference as compared to CCI, it nevertheless
still represents a non-negligible source of interference
and thus system performance degradation (8], {10].
Furthermore, for non-cellular type of communication
systems, especially for bandwidth and power efficient
frequency division multiple access (FDMA) systems,
ACI is one of the prominent sources of interference
(see for example [9], [10], [11], [12]). Additionally, an
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intentional increase of ACI, for example by reducing
the frequency channel spacing between adjacent chan-
nels, could significantly increase the overall spectral
efficiency of the communication system under consid-
eration [10], [13], {19].

Another type of discortion that usually is not con-
sidered in constant envelope schemes, such as an ideal
GMSK signal!, is nonlinear distortion. Such distor-
tion is typically due to the presence of a nonlinear
amplifier [14]. It is well accepted that for a con-
stant envelope scheme, nonlinear amplification has
little effects on the spectrum and the overall system
performance [15]. However, hardware implementa-
tion imperfections, such as, for example, modulator
deficiencies, would result in a non-constant envelope
(i-e. nonideal) GMSK signal [16]. When such a non-
ideal, nonconstant envelope GMSK signal is passed
through a nonlinear amplifier, it results in spectral
spearding and thus creates additional ACI. Motivated
by the above, in this paper we investigate the perfor-
mance of DF-DD receivers in conjunction with ideal
and nonideal GMSK signals in the presence of static
and faded ACI and nonlinearities.

11. COMMUNICATION SYSTEM MODEL

Following [15], the transmitted GMSK signal can
be mathematically represented as t

s(t) = Ag cos[2m fct + ¢(2)) 1)

where Ag is a constant amplitude, f. is the carrier
frequency and ¢(t) is given by
t 7
40 =2 b [ e -thas. (2)
t
In the above equation, T is the bit duration, g(t)
is the impulse response of the well-known Gaussian
low pass filter (GLPF), which has a normalized 3-
dB bandwidth BT, and bj=—a;b;~,, where a; are
independent and equiprobable information bits tak-
ing values from the alphabet {£1}. As was pointed
out in [4], for the 1-bit differential detector, differ-

ential encoding is not needed and thus for this case,
by=a;. Expanding Eq. (1), s(t) can be expressed in

IThe term “ideal GMSK signal” refers to an ideal, i.e. con-
stant envelope, GMSK signal.



an equivalent in-phase (I-) and quadrature-phase (Q-)
form as

s(t) = sy(t)Ag cos(2mf.t) — sq(t)Aosin(2mfet) (3)

where 57(t)=cos[4(t)] and sq(t)=sin[é(t})]. Theoreti-
cally, an ideal Quadrature Modulator (QM) does not
introduce any signal distortion. However, in prac-
tice nonideal components of the QM will introduce
signal distortions, including signal imbalances and
offsets between the I- and Q-channels. In [16], the
effects of QM deficiencies on the transmitted signal
have been identified as differential amplitude imbal-
ance (A), local oscillator breakthrough and DC off-
sets (k), and differential phase error (64) which can
also be represented as differential time delay (74),
with 74 = 2T04/mw. Mathematically, it is convenient
to group all these QM deficiencies together in one of
the channels, e.g. the I-channel. This is illustrated in
Fig. 1. Therefore, for such a nonideal QM (NI-QM),
the distorted GMSK signal s’(t) can be mathemati-
cally expressed as

S(t) = \/{k + Acosl(t - ra)]}2 +sin?[p(t)]  (4)

sin[¢(2)) ]
k + Acos[g(t — )"

x cos[2m f,t + tan™!

It is evident that s’() is no longer a constant envelope
scheme, exept for k=0, A=1 and 74=0. Clearly, in
this specific case s'(t)=s(t), which is an ideal GMSK
signal. Following [16], we have considered the follow-
ing two sets of values for modelling the imperfections
of the NI-QM

1. 04 = 1°, A = 0.95, k = - 24 dB (refered to as
“typical values”),

2. 64 = 15°, A = 0.65, k= - 12 dB (refered to as
“extreme values”).

As shown by the phase state-space diagrams of Fig. 2,
the distortion which is introduced to the transmitted
GMSK signal by the “extreme values” (Fig. 2b) is
much more prominent as compared to the distortion
caused by the “typical values” (Fig. 2a).

As illustrated in Fig. 3, the NI-QM could be fol-
lowed by a nonlinear amplifier (NLA). We have con-
sidered two types of amplifier nonlinearities, namely
the “mild nonlinearity” and the “severe nonlinearity”.
For the mild nonlinearity, we have used the fifth order
Volterra series model given in [20]

() =s'W)(G1+Gs | () P+Gs | SO ) (5)

where | o | denotes absolute value. The complex co-
efficients G1, G3 and G's have been selected as G1=1,
Gs = 0.0479£-2.816 rad and G5 = 0.00102£0.39
rad. ‘The AM-AM and AM-PM characteristics of
this model were calculated and are plotted in Fig. 4,
where the output signal amplitute and phase is plot-
ted versus the input signal amplitude. Typically, the
AM-AM and AM-PM characteristics of this model
correspond to a class AB power amplifier [20].

For the severe nonlinearity, we have used the trans-
fer function of a hard-limiter (HL), which is given by

S'(t) =5/ 15 1. (6)

The HL has been used in the past by others to simu-
late the effects of an extremely highly nonlinear am-
plifier [19].

Assuming that the m-th adjacent channel interferer
im (t) is of the same modulation format as s(t), it can
be expressed as

im(t) = Bm cos2n(fe + fm)t + 6m +ém(t)]  (7)

where By, is a constant amplitude, f,, is the differ-
ence in the frequency allocation of the two carriers
and 0,,, denotes the lack of coherence between s(t)
and i, (t) and is assumed to be uniformly distributed
over {(0,27]. Furthermore, ¢, (t) is given by

dm(t) = WZC,'—/; 9(y — iT — 7n)dy (8)

where ¢; are independent and equiprobable bits tak-
ing values from the alphabet {£1} and 7y, is the tim-
ing offset between s(t) and im(t). 7, is assumed to
be uniformly distributed over the time interval (0,T7.

In general, there are two adjacent channel interfer-
ers which contribute most significantly to the degra-
dation of telecommunication systems. Both of them
are located adjacent in the frequency domain to
the channel through which the information signal is
transmitted. We will therefore adopt the ACI model
which is illustrated in a block diagram form in Fig.
ba. Assuming that both interferers are symmetrically
located in the frequency domain around f,, the car-
rier frequency of the upper interferer, which will be
denoted as it (t), is f. + fm, whereas the carrier fre-
quency of the lower interferer, denoted as i~ (¢), is
fe — fm- In addition to the static ACI environment,
we will consider the case where all three signals un-
der consideration could be also faded by three inde-
pendent but statistical identical fading signals f(t)
with ¢ € {£,0}. The complete channel model con-
sidered in this paper is illustrated in Fig. 5a, where
the two switch positions indicate that we have either
a static channel (SC) or a faded channel (FC). The
fading signals f'(t) are generated aé discussed in [17]
and have Rayleigh statistical characteristics employ-
ing the land-mobile fading model with a normalized
to T Doppler shift of FpT {18]. After the addition
of the white Gaussian noise n(t), which has a double-
sided power spectral density of Ny/2, the received
signal r(t) can be expressed as

r(t) = s"(t) + it (t) + i (t) +n(t) (9)
for the static channel, and

r(t) = s7(t) +if () + i7 (1) + n(t) (10)



for the Rayleigh fading channel. Clearly, for a linear
channel, i.e. without any use of the NI[-QM and NLA,
s"(t) = s(t) or s7(t) = s¢(2).

We conclude our discussion on the communication
system model by mentioning that the receivers inves-
tigated in this work consist of a predetection 4th or-
der Butterworth low pass filter (LPF), Hg(f), with
a 3-dB double-sided bandwidth Bpg, followed by 1-
and 2-bit differential detectors without and with feed-
back. As previously mentioned, we will be refering to
these receivers as “conventional differential detectors”
(C-DD) and “decision feedback differential detectors”
(DD-DF), respectively. Their detailed structure has
been previously presented in [4], [7].

III. PERFORMANCE EVALUATION RESULTS
AND DISCUSSION

The communication system which was described
in the previous section was extensively evaluated by
means of computer simulation using Monte-Carlo er-
ror counting techniques. For all three GMSK trans-
mitters, we have assumed that BT = 0.3 as this is
the specification adopted by the pan-European digital
cellular network [2]. The BrT product of the prede-
tection filter Hg(f), was choosen to be equal to 0.97
for all the receivers (with or without feedback) em-
ploying 1-bit differential detectors and 0.85 for all the
receivers employing 2-bit differential detection. The
reason for these choices was the near optimal perfor-
mance of the receivers for these values at a bit error
rate (BER) of 103 in an AGWN channel [7]. In Fig.
5b, the experimental spectrum of the received signal
in a static ACI and AWGN channel is illustrated. De-
tails of the experimental prototype set-up, which has
been employed to generate this signal can be found in
{21]. It should be mentioned that this hardware pro-
totype experimental set-up has been also used to ver-
ify some of the computer simulated results reported
in this paper [21].

For ACI dominated applications, normally the
most important parameter influencing the BER per-
formance is the overall adjacent channel interfer-
ence power, which greatly depends upon the adja-
cent channel frequency spacing and the actual power
of the interfering signals. For convenience we will
assume that the interferers have the same transmit-
ted power, i.e. Ag = By = B_;. In general, the
carrier-to-interference ratio (C/I5) is defined as the
ratio between the average power of the desired infor-
mation signal (Ppis) and the average power of the
adjacent interfering signals (Pa1s), both measured at
the output of Hg(f), i.e.

C Ppis
_ =10lo .
laB £10 Pars

- (11)

For a given B,T and BrT, C/I, will be controlled by
changing the adjacent channel spacing frequency fm,
or equivalently the normalized to the rate of transmis-
sion adjacent channel spacing frequency F,, = fmT.

Clearly, the smaller F,,, becomes, i.e. the more closer
the adjacent channel interferer are to the main chan-
nel, the larger C/I5 becomes. However, at the same
time, the overall spectral efficiency is increasing. Sim-
ilar to [19], here we define the spectral efficiency 7 as
the inverse of F,, i.e. n=1/F,.

In the next two subsections, we will be presenting
BER performance evaluation results for the linear and
the nonlinear channel.

A. Linear Channel

As illustrated in Fig. 5a, for the linear channel
s"(t) = s(t}, i.e. the NI-QM and NLA are not present.
By means of computer simulation, we have first num-
merically computed the amount of C/I5 which is in-
troduced as a function of F,; for both 1-bit and 2-bit
DF-DD receivers. The obtained results are illustrated '
m Fig. 6, where we note that the results are different
for the two types of receivers. This is solely due to the
fact that the BrT of the two types of receivers is dif-
ferent and clearly does not depend on the operating
signal-to-noise ration (SNR) and fading. The perfor-
mance of 1- and 2-bit C-DD and DF-DD receivers was
evaluated in both static (i.e. nonfaded) and Rayleigh
faded ACI and AWGN channels. Fig. 7 illustrates
the BER performance evaluation results for the static
ACI at C/Ip = 15 dB where it is clear that the DF-
DD receivers outperform the C-DD receivers. For
example, at a BER = 1073, the 2-bit DF-DD re-
ceiver results in performance gains of more than 6 dB
as compared to the equivalent 2-bit C-DD receiver.
Clearly these significant performance improvements
are due to the fact that the DF-DD technique results
in an increased opening of the eye-diagram which im-
proves the detection. This increased eye opening is
illustrated in Fig. 8 for the 2-bit C-DD and DF-DD
receivers at a C/I, = 15 dB. We also note that the
gains for the 1-bit DF-DD receiver as compared to the
1-bit C-DD receiver are even higher. Additional BER
performance evaluation results, which have been pre-
sented in [21], have indicated that by increasing the
C/14, the performance gains are increasing, whereas
by decreasing C/1,, these gains are also decreasing.

Further performance evaluation resuits, which due
to space limitations will not be presented here, can
be found in (21)].

B. Non-Linear Channel

For the nonlinear channel, we assume that, as illus-
trated in Fig. 5, the NI-QM and the NLA are present.
Since the nonlinearities cause spectral spreading, new
C/14 versus F, curves need to be computed first. It
has been shown in [21], that the C/I curves for the
nonideal GMSK system with typical values of QM er-
rors are almost identical as those for the ideal GMSK
system. However, for the extreme values of QM er-
rors, these curves are noticable different. For exam-
ple, as illustrated in Fig. 9, for the 2-bit differential
receiver and for extreme values of QM errors, C/Ia



drops significantly especially when a HL is employed.
This is due to the spectral spreading caused by the
nature of the extreme nonlinear function of the HL
[16]. Similar results have been obtained for the 1-bit
differential receiver [21].

Figs. 10 and 11 illustrate typical BER perfor-
mances of the various differential receivers under in-
vestigation for a stactic ACI with C/I5 = 15 dB and
20 dB, respectively. For all systems, it has been as-
sumed that a NI-QM with extreme values of QM er-
rors and a HL are employed. From both figures it
is clear that the DF-DD receivers perform much bet-
ter than the C-DD receivers, with the 1-bit DF-DD
receiver outperforming the other receivers.

Further performance evaluation results, which due
to space limitations will not be presented here, can
be found in [21}.
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