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Partial Response CPM in Satellite Mobile Systems

John P. Fonseka and Xiao-Mei Yang

Abstract: It is known that Gaussian minimum shift keying (GMSK)
is an attractive signaling technique in mobile communications. In
this study, it is demonstrated using partial response raised cosine
(LRC) modulation that other partial-response continuous phase
modulation (PR-CPM) techniques can perform better than GMSK
in a mobile system.

LRC signals are analyzed and compared with GMSK signals in
a mobile channel. Differential phase detection (DPD) and limiter
discriminator detection (LDD) receivers with decision feedback are
separately considered for the detection of the two types of signals.
In case of LRC signals, the delay of the DPD receiver, and the sam-
pling instant of the LDD receiver are selected to minimize the er-
ror probability. Numerical results are presented for land mobile,
satellite mobile and Gaussian channels at different bandwidths and
Doppler shifts. It is shown that LRC signals can perform better
than GMSK signals at the same bandwidth.

Index Terms: LRC signals, GMSK signals, mobile channel, differ-
ential phase detection, limiter discriminator detection.

I. INTRODUCTION

A satellite mobile channel (SMC) is defined as the channel
between a satellite and a mobile vehicle. A SMC is generally
characterized by the power ratio, K, the power of the direct sig-
nal component P, to the power of the diffuse signal component
Py; K = P;/P; [1]-[6]. The two limiting cases; K = 0 corre-
sponds to a land mobile channel (LMC) with a Rayleigh enve-
lope and uniformly distributed phase [7]-[11], while the case
k = oo corresponds to a Gaussian channel. Typically for a
SMC, K lies between 6 dB and 16 dB.

Due to the presence of nonlinear amplifiers and the strict
bandwidth requirements, constant envelope modulation tech-
niques such as partial response continuous phase modulation
(PR-CPM) [12]-[14] techniques have been considered in satel-
lite mobile communications [4]-[11]. Among PR-CPM tech-
niques, Gaussian minimum shift keying (GMSK) has received
considerable amount of attention due to its superior spectral
properties [4]-[9], and it has been adopted as the signaling tech-
nique for the European GSM digital cellular system. Other PR-
CPM signaling formats, such as tamed frequency modulation
(TFM) [12] and generalized TFM (GTFM) [15], have also been
considered over fading channels. For the detection of signals,
non-coherent detection techniques such as differential phase de-
tection (DPD) and limiter discriminator detection (LDD) are
preferred over coherent detection techniques as it is difficult to
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recover the carrier phase in presence of a fading diffuse signal
component. Hence, PR-CPM signaling with DPD or LDD are
attractive choices of signaling over a SMC [4], [5]. In [17], it
has been shown that the performance of GMSK signaling with
DPD can be significantly improved in a Gaussian channel by us-
ing decision feedback (FB) to eliminate the effect of intersym-
bol interference (ISI) caused by previously decoded symbols.
By using a similar approach, the performance of GMSK signals
with DPD receiver and LDD receiver has been analyzed with
and without FB in a SMC in [4] and [5], respectively along with
a correction in [6].

So far, in the literature, PR-CPM formats with baseband
pulses that are strictly limited to a finite duration have not been
considered for signaling over a SMC. In this study, it is demon-
strated that such PR-CPM signals with baseband pulses that are
limited to a finite interval can perform better than GMSK sig-
nals. For demonstration, partial response raised cosine (PR-
RC) signals are considered with LDD and DPD detection over
a SMC, and compared with GMSK signals. The selection of
the delay in the DPD receiver, and the sampling instant in LDD
receiver are analyzed in detail. In the literature, full response
raised cosine (FR-RC or, simply, 1RC) signals [12]-[14] have
been considered in satellite mobile systems, and it has been
shown that 1RC signals perform better than ordinary FSK sig-
nals in a SMC [17], [18]. However, the spectrum of 1RC sig-
nals, even though comparable with FSK signals, is considerably
broader than that of GMSK signals. Hence, 1RC schemes can-
not be reasonably compared with GMSK schemes. However, it
is known that the spectral variations of PR-RC signals are simi-
lar to those of GMSK signals [12]-[14], and hence, PR-RC (or
simply LRC) signals are comparable with GMSK signals. Nu-
merical results presented here show that LRC signals can per-
form better than GMSK signals with DPD and LDD receivers
in a SMC at the same bandwidth. The two types of signals,
GMSK and LRC, are compared at different handwidths, differ-
ent Doppler shifts, and different values of K. In order to achieve
better performance, receivers with feedback are considered with
both types of signals. LRC signals with different lengths of the
baseband pulse are considered.

II. SYSTEM DESCRIPTION
A PR-CPM signal corresponding to any transmitted binary

information sequence a = (---,a_1,a9,01,---); a; €
{+1, —1} takes the form [4]
t (oo}
z(t,a) = \/2Psexp[j7rh/ Z a;g(t —iT)dr]
o i=—00

= /2Psexp[jo(t,a)], (1)
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where P; is the average signal power, T is the bit duration, £ is
the modulation index, and ¢(¢, a) is the phase variation due to
information. The quantity g(t) is the baseband frequency pulse
and for RC signals g(t) takes the form [12]

o(t) :{ %{—cos(?mf/LT)]/(LT),

while for GMSK signals it is the response of a Gaussian filter to
a rectangular pulse which can be written as [4]

0<t<LT
otherwise,

(2)

9(t) = [Q(eBT(=t/T)) = Q(cB T (1 - t/T))]/T, ()

where ¢ = 7.546, B;T is the normalized bandwidth of the Gaus-
sian filter, and Q(-) is the standard @ function. RC signals with
g(t) given by (2) are referred to as LRC signals, and signals
with L > 1, those considered in this study, form the class of
PR-RC signals. The modulation index of GMSK signals is set
at h = 0.5, while it is considered as a variable for LRC signals.

After passing over the SMC, the received signal can be writ-
ten as [4]

ri(tv a) = S(tv a) + d(tv a) + ni(t)a (4)
where

s(t,a) = /2P,explj(p(t,a) + 21 fpt)]
= V2P, explios(t, a)] (5)

is the direct component,

d(tva) = \/Fdexp[jgb(t - td; a)]f(t), K = Ps/Pd (6)

is the diffuse component, n;(t) is additive white Gaussian noise
with two-sided power spectral density No/2, fp is the Doppler
shift of the direct component, and ¢ s(¢,a) is the total phase
variation of the direct component. Further, P, is the power of
the diffuse signal, ¢, is the delay of the diffuse component with
respect to the direct component, and £(¢) is a zero mean Gaus-
sian process with autocorrelation [4]

Re (1) = Jo(2m fpimT), (7

where Jo(+) is the zero-order Bessel function of the first kind,
and fp,, is the maximum Doppler frequency. The quantities
fpm and fp are generally normalized with respect to the sig-
naling rate as

Fpm = fomT, Fp = fpT. (8)

Fig. 1 shows the block diagram of non-coherent detection
with FB of LRC signals. The received signal r;(¢,a) is first
passed through a receiver front-end filter to remove out-of-band
noise. The front-end filter is assumed to have sufficient band-
width to pass the signal without causing any distortion, specif-
ically, the noise bandwidth B,, of it is assumed to be the 99%
bandwidth of the transmitted signal. This assumption has been
commonly made in the literature with GMSK signals [4], [5].
Since, the spectral roll-off of GMSK and LRC signals are sim-
ilar to each other [12]-[14], the same assumption is made here
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Fig. 1. Non-coherent detection with decision feedback.

with LRC signals. Hence, the signal used for detection can be
written in the form [4]

r(t,a) = s(t,a)+d(t,a)+ n(t)
= S(tva)+u(t7a)7 (9)

where n(t) is the filtered noise signal with power Ny B, T, and
u(t,a) = d(t,a)+n(t). The signal to noise ratio of the receiver
is the ratio of the total received signal power (P; + P;) to the
noise power P,,;

SNR = (P + Py)/ P, = Ey/(NoB,T), (10)
where E, = (Ps + P;)T is the bit energy. The phase angle of
the filtered signal ¢, (¢, a), which is used for detection can be
expressed as [4]

¢T‘(t7 a) = ¢s(t:a) + U(t,a), (11)
where
o kg(ta)
n(t,a) = tan o+ ihta) (12)
p(t,a) = ppt,a)+jug(t a)
= ,Lt(t, a) eXp[_j¢S (tv a)]v (13)
and
p = Pi/(Pg+P,) =TK/(1+T),
' = P;/P,=SNR/(1+K). (14)

III. DPD WITH FB OF LRC SIGNALS

Since g(t) is non-zero only between 0 and LT, the decision
variable corresponding to any symbol a , is derived by observing
the phase variation ¢,.(¢, a) starting from ¢ = kT as

P, = ¢T(kT+t0,a) — ¢T(kT, a)

= ¢ +Wptp + i, (15)
where ¢,, = to/T), to is the delay in the DPD, Wpt,, represents
the Doppler shift, , = [n(kT + to) — n(kT')] represents the
differential phase noise, and W = 2w Fp. The term ¢, repre-
sents the contribution from the message symbols which can be
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Table 1. Values of 0; (in degrees) of LRC signals.

L 00 01 92 03 04

2 90 90 . . .

3| 35.19 | 109.62 | 35.19 .

4 116.35 | 73.65 | 73.65 | 16.35 .

51 875 | 46.41 | 69.68 | 46.41 | 8.75

written as
to L1 to
¢ = mwhay /g(t)dt +7h Z ag—; /g(t +T)dt

0 i=1 0

to

LI
‘|"/Th Z Ak+i /
i=1 0

gt —iT)dt, (16)

where L' = |to/T], || and denotes the largest integer not
greater than z. It is noticed that the first term in (16) is the
desired term which is dependent only on a, while the second
and third terms represent the intersymbol interference (ISI) from
previous and future symbols, respectively. Further, the integrals
in (16) can be written as

to ' -1
v [ ot =3 65+ oo a7
0 J=0
where
G+1n)T
9]'_7T g(t)dt’ .7:07]-7 7(L_]-)7 (18)
jT
(IT+ta)
/3!:71— g(t)dt’ l:0717 7(L_1)7 (19)
T

and ¢, = to — L'T. Table 1 lists the values of of §; all LRC sig-
nals considered in this study, L = 2 through 5, while the values
of ;, which are dependent on ¢, can be calculated according
to (19). The feedback loop calculates the interference caused by
previously decoded symbols, Gy, ;, as

to

L—1
v=nh)_ ar /g(t +iT) dt,
i=1 0

and deducts it from the output of the DPD (see Fig. 1). As
in other studies [4], [5], assuming that the previously decoded
symbols are correct, i.e., ax_; = ax_, i = 1,--- ,L — 1, the
decision variable with feedback can be written as

(20)

Qrrp = Pp-—v
to L' to
= mwhay /g(t) dt + wh Z Clti /g(t —iT)dt
0 =1 0
+Wpt, + ni

= ¢, rB + Wptn + i, (21)

where
to ' to
¢k, FB = Thay, /g(t) dt + thak+,' /g(t —iT)dt. (22)
0 =1 0

Since the phase difference of the transmitted signal is positive
(between 0 and 7) and negative (between —= and 0) for the two
symbols a; = +1 and aj, = —1, respectively, the DPD with FB
receiver of LRC signals discussed here uses the decision rule:

ap = —]., if
ap = +]-7

-1 < @, <0,

if 0< ‘I’k7FB <m, (23)

at every value of L, which is identical to that of 1-hit DPD of
GMSK signals [4].

The selection of ¢, is an important decision in DPD of LRC
signals, and it has to be selected to achieve good performance
while maintaining a simple receiver structure. In case of GMSK
signals, the highest phase variation due to any transmitted sym-
bol occurs during that interval, and hence, ¢, = T is optimal
for GMSK signals with the above decision rule. However, in
case of LRC signals, the highest phase variation occurs around
the middle of the baseband pulse which can occur during any
succeeding interval depending on the value of L, and hence,
to also needs to be selected depending on the value of L. It
follows from (16) and (17) that the desired term can be maxi-
mized by choosing to = LT, however, that will also introduce
(L — 1) number of non-zero interfering future symbols. On the
other hand, the interference from future symbols can be totally
eliminated by choosing ¢, = 7', which will, however, reduce
the desired term. Hence, t( has to be selected by jointly con-
sidering the desired term with the interference terms. There-
fore, the optimal ¢ needs to be calculated by averaging over all
possible ISI terms, and hence, it cannot be expressed in closed
form. However, it is known that the performance in presence
of IST is generally dominated by the worst case sequence that
produces the value of the decision variable closest to a decision
boundary [19]. Hence, the optimal value of ¢, at lower val-
ues of h, can be approximately calculated by finding the time
instant that maximizes ¢ pp corresponding to the worst case
sequence; ar = +1 and agy; = —1 forall 4 > 0. It is men-
tioned here that according to the decision rule in (23), at lower
values of h, the error probability is dominated by decisions as-
sociated with the boundary at 0, while at higher values of A, it
is dominated by those associated with the boundary at +7 [19].
However, since lower values of 7 are considered here to limit the
bandwidth of the signals, the worst case sequence would be that
corresponding to ay, = +1 and ag,; = —1 forall 4 > 0. Fig. 2
shows the variation of ¢4, rp in (22) with ¢, of all LRC signals
considered here corresponding to the worst case sequence. It is
seen from Fig. 2 that at any value of L, an approximate optimal
delay to can be selected to maximize ¢ yp corresponding to
the worst case sequence. Table 2 lists these values of ¢, of all
LRC signals, found by examining the variations in Fig. 2. The
exact optimal values that minimizes the error probability which
depends on the channel and the value of / can be calculated by
searching around the approximate optimal # o values listed in Ta-
ble 2. However, it was numerically found that the exact optimal
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Table 2. Optimum values of ¢y obtained using the worst case sequence

at time ¢t = kT + ¢, as [5]
and the values of ¢y as multiples of 7'/2 used in the analysis.

L

to/T optimal

to/T used

1.5

1.5

2

2

241

2,2.5

Wk

ér(kT+ta,a)
bs (KT + tq,a) +wp + ik (KT + tq, @)

Wks +wp + M, (24)

1| | W[ DO

2.73

2,2.5,3

Fig. 2. Variation of ¢, g With to of DPD of LRC signals corresponding
to the worst case sequence.

values of ¢, are very close to that found by using the worst case
sequence, and the degradation caused by selecting a value of ¢ o
close to the exact optimal value is negligible in all cases consid-
ered here. However, since ¢, has to be extracted from symbol
timing information, the complexity of the resulting receiver can
be significantly reduced by selecting a value of ¢4 as a multiple
of T'/2. Hence, all DPD receivers considered in this study em-
ploy a delay equal to a multiple of 7°/2, and Table 2 lists the
selected values of ¢, for the schemes considered in this study
along with the approximate optimal values.

The error probability calculation of the DPD receiver in a
satellite mobile channel in presence of ISI has been well docu-
mented in [4], [6]. The error probabilities of the DPD receiver of
LRC, and GMSK signals with 1-bit (¢,, = 1) and 2-bit (¢,, = 2)
DPD with feedback are also computed using the same method.
It is recalled here that GMSK signals with 1-bit DPD uses the
same decision rule as that of LRC signals. However, GMSK
with 2-bit DPD uses differential encoding to form the transmit-
ted sequence a from the message sequence b, and employs the
following decision rule; b, = —1if =6 < @, pp < 0, and
by = +1if 6 < @ pp < (27 — §) [4]. Further, the value of
& depends on the channel, Doppler shift, and also the signal to
noise ratio. Hence, comparing with 2-bit DPD of GMSK sig-
nals, DPD of LRC signals discussed here have a considerably
simpler decision rule.

IV. LDD WITH FB OF LRC SIGNALS

The decision variable of the LDD receiver corresponding to
any symbol ay, is the derivative of the phase variation ¢,.(¢, a)

where wy; = gz'ss(kT + t4, a) is the contribution to the decision
variable by the message symbols, wp = 27 fp is the contribu-
tion due to the Doppler shift, and 9, = 9 (kT + t,,a). The
contribution from the message symbols can be written as

L1
wharg(t,) + 7h Z ap—ig(te +17T)

i=1

Wgs =

LI
+7h Z ap+ig(te —iT),

i=1

(25)

where, L' = |t,/T|. As with DPD of LRC signals, it is no-
ticed that the first term in (26) is the desired term which is de-
pendent only on a, while the second and third terms represent
interference from previous and future symbols, respectively. As
with the DPD receiver, assuming that the previously decoded
symbols are correct, the decision variable with feedback can be
written as

L/
wg,re = whagg(ty) +h Z ag+ig(ty —iT)
i=1
+wp + N
= Wks,FB + WD + Mk, (26)
where
LI
Wk, FB = Thagg(te) + mh Z ap+ig(te —iT). (27)
i=1

Since the derivative of the phase of the transmitted symbol is
positive and negative for the two symbols a, = +1 and a;, =
—1, respectively, the decision rule of the LDD with FB receiver
of LRC signals, at every value of L, is:

ap = +]-7
ag = _17

it wirp >0,

if wrrB <0, (28)
which is identical to that of LDD of GMSK signals [5].

Similar to ¢¢ in DPD, the value of ¢, in LDD is selected to
achieve good performance without complicating the receiver too
much. It follows from (2) and (27) that when L = 2, the desired
term can be maximized by choosing ¢, = 7" without introducing
any interference. Hence, when L = 2, ¢, = T is the best choice
of the sampling instant. Further, when L = 2 and ¢, = T,
it is seen from (25) and (27) that the amount fed back is zero,
and hence, the receiver discussed here can be simplified for 2RC
signals by removing the feedback loop. However, when L > 2,
as with the selection of ¢ in the DPD receiver, ¢, has to be
selected by jointly considering the desired term with the inter-
ference terms. It is recalled that the highest rate of phase vari-
ation due to any transmitted symbol of GMSK signals occurs
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Table 3. Optimum values of ¢, obtained using the worst case sequence.

L 21 3 4 5
to=T 11112515175

Table 4. Optimum h and to, and the corresponding BggT' when
Fpm = Fp =0.

L | to/T K=0 K =10 K =00

h BooT' h BogT' h BogT'
2 1.5 049 [ 1.03 | 0.52 1.06 | 053 | 1.07
3 2.0 053 | 092 | 059 | 098 | 0.61 ] 0.99
4 2.5 058 | 086 | 062 | 090 | 0.66 | 0.95
5 3.0 0.60 | 082 | 0.67 | 0.88 | 0.686 | 0.89

Fig. 3. Bit error probability variations of DPD of 2RC, 3RC and 4RC
signals with optimal 4 in a SMC with K = 10 and F'p,,, = Fp = 0.

at the middle of that interval, and hence, ¢, = 7'/2 is optimal
for GMSK signals. As with the calculation of ¢ of DPD, opti-
mal ¢, of the LDD can he approximately calculated by finding
the time instant that maximizes wys rp in (27) corresponding
to the worst case sequence; ay = +1 and axy; = —1 for all
¢ > 0. Table 3 lists these approximate optimal values of ¢, of
all LRC signals found from the variations of wy yp with ¢. As
with DPD, it was numerically found that the exact optimal val-
ues of ¢, are very close to those found by using the worst case
sequence. Since the values of ¢, listed in Table 3 are already
multiples of 7°/4 (simple multiples of T'), they are directly used
in numerical results. The error probability of the LDD receiver
is calculated by following the analysis in [5] with the correction
stated in [6].

V. NUMERICAL RESULTS AND DISCUSSION

The error probability variations of DPD and LDD of LRC sig-
nals are compared with those of GMSK signals in Gaussian and
mobile channels assuming the delay between the direct and dif-
fuse components ¢4, = 0. Figs. 3-7 show the numerical results
of the DPD receiver. The error probability variation of LRC sig-
nals with A is first presented. Recalling that ¢ rp in (22) is
proportional to &, one can expect an optimal value of A to mini-
mize the overall error probability according to the decision rule

11

1.05

0.8

0.75

0.7 ! I ! ! ! !
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

h

Fig. 4. Variation of the 99% bandwidth of LRC signals with .

given by (23). Since the bandwidth increases with 4, schemes
that operate at modulation indices higher than these optimal val-
ues are not considered here since they occupy wider bandwidths
and yet produce higher error probabilities. Table 4 lists opti-
mal values of h and the best values of ¢, as multiples of 7'/2,
to minimize the overall error probability at E,/Ny = 24 dB,
when K = 0, 10, and oo, and Fp,, = Fp = 0, along with
the corresponding 99% bandwidth of the signals. Fig. 3 shows
the error probability variations of LRC signals at these optimal
values of A in a SMC with K = 10, and Fp,, = Fp = 0 for
L = 2 through 4. In order to demonstrate the sensitivity to the
delay in DPD, variations corresponding to different delays have
been plotted in Fig. 3. At these optimal values of A, the over-
all optimal delays were numerically found to be, t, = 1.47T
for 2RC signals, ¢, = 1.89T for 3RC signals, t; = 2.35T for
4RC signals, and to = 2.747 for 5RC signals. It is seen that
these optimal values are close to those listed in Table 2 which
were found by using the worst case sequence. Further, the error
probability variations at these optimal delays are very close to
those of 2RC with ¢y = 1.5T, 3RC with ¢, = 2T, 4RC with
to = 2.5T, and 5RC with ¢, = 3T (not shown in Fig. 3) re-
spectively. These variations are so close to each other that one
can hardly notice a difference when plotted together, and hence,
only the variations with ¢, values at multiples of 7'/2 are plotted
in Fig. 3. Itis seen from Fig. 3 that the receivers are significantly
less sensitive to the delay ¢, close to its optimal value, but the
sensitivity increases as the value of ¢, moves away from the op-
timal value. It is also seen that all LRC schemes with the best
delay have similar error probability variations, however, as seen
from Table 4, the bandwidth at higher values of L is lower than
that at lower values of L.

Let us now compare the performance of LRC signals with
DPD with those of GMSK signals with 1-bit and 2-bit DPD
at similar bandwidths. Comparisons are made with the GMSK
schemes discussed in [4], and hence, modulation indices of LRC
signals are selected to produce similar bandwidths. To demon-
strate the variation of bandwidth with 5, Fig. 4 shows the vari-
ation of the 99% bandwidth of LRC signals with 4 for L = 2
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—— 2RC, t,=1.5T
- 2-bit GMSK
1-bit GMSK

20 25 35 40
E,/Ng (dB)

Fig. 5. Bit error probability variations of DPD of 2RC signals with h = 0.5
and GMSK signals with B;T" = 0.5, when K = 0, 10, and oo, and
Fpm = Fp =0.

4RC, t=2.5T
- 2-hit GMSK
1-bit GMSK

20 25
E/N, (dB)

Fig. 6. Bit error probability variations of DPD of 4RC signals with h = 0.5
and GMSK signals with B;T" = 0.2, when K = 0, 10, and oo, and
Fpm = Fp =0.

Table 5. LRC schemes selected for comparison with GMSK schemes.

Compared with | Compared with | Compared with
GMSK with GMSK with GMSK with
BT = 0.5, B:T = 0.25, BT =0.2,
BgoT = 1.04 BggT = 0.86 BggT = 0.79

L h BgoT h BgoT h BgoT
2 [ 05 1.04 0.3 0.87 0.25 0.78
3107 1.03 0.45 0.85 0.4 0.79
41 08 1.04 0.55 0.84 0.5 0.78
5 1 0.85 1.04 0.65 0.86 0.55 0.78

through 5. In order to compare with the GMSK schemes in [4],
signals at three different bandwidths, BgeT ~ 1.04, BggT =~
0.86, and BgyT ~ 0.79 are considered here. Table 5 lists the se-
lected modulation indices (as multiples of 0.05) of LRC signals
and their corresponding bandwidths for comparison with each
GMSK signal considered in [4]. Fig. 5 shows the bit error prob-
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3RC, t,=2T
S ——i— - ARCt=2T
2-bit GMSK

1-bit GMSK

30 35 40

Fig. 7. Bit error probability variations of DPD of 3RC signals with h =
0.45, 4RC signals with h = 0.55 and GMSK signals with BT = 0.25,
in a SMC with K = 10 and Fp,, = Fp = 0.01, and in a LMC with
Fpy = 0.01.

ability variation of 2RC signals with 4 = 0.5, when K = 0, 10,
and oo, and Fp,, = Fp = 0. It was found that, at this band-
width BggT = 1.04, 2RC signals perform best among all LRC
signals listed in Table 5. For comparison, the error probability
variations of GMSK signals with 1-bit and 2-bit DPD are also
plotted in Fig. 5. Similarly, Fig. 6 shows the hit error probability
variation of the best LRC signal when BggT = 0.79 along with
the corresponding variations of GMSK signals, when K = 0,
10, and oo, and Fp,, = Fp = 0. It is seen from Fig. 5 and
Fig. 6 that LRC signals perform better than GMSK signals. Fur-
ther, as stated before, the decision rule of 2-bit DPD of GMSK
signals is more complicated than that of LRC signals. In order
to demonstrate the effect of a Doppler shift, Fig. 7 shows the
error probability variation of the two best LRC schemes along
with those of GMSK schemes when BggT ~= 0.86 in a SMC
with K = 10 when Fp = Fp,, = 0.01, and in a LMC when
Fp,, = 0.01. It is noted here that in a LMC (P, = 0), the
parameter F', does not exist due to the absence of a direct com-
ponent in (4). It is seen from Fig. 7 that LRC signals perform
better than GMSK signals even in presence of a Doppler shift.
Similarly, Figs. 8-10 show the numerical results of the LDD
receiver. It was numerically found that among all LRC signals
that have been considered here, 2RC and 3RC signals perform
better than 4RC and 5RC signals in all cases considered here.
For illustration, Fig. 8 shows the error probability variations
of LRC signals along with that of GMSK signals in a satel-
lite mobile channel with K = 10, when Fp,, = Fp = 0, at
BgyT =~= 0.86. It is noticed that 2RC and 3RC signals per-
form close to each other and perform significantly better than
4RC and 5RC signals. Hence, the remaining numerical results
of the LDD receiver are presented only for 2RC and 3RC sig-
nals. It was numerically found that the overall optimal values of
t, that minimizes the error probabilities in Fig. 8 at £, /Ny = 24
dB are; t, = T for 2RC signals, t, = 1.33T for 3RC signals,
to = 1.57T for 4RC signals, and ¢, = 1.797 for 5RC signals. It
is mentioned that the overall optimal value of ¢, of 2RC signals
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Fig. 8. Bit error probability variations of LDD of LRC and GMSK signals
with B,T' = 0.25 in a SMC with K = 10, when Fp,,, = Fp = 0.

Fig. 9. Bit error probability variations of LDD of 2RC signals with h =
0.25, 3RC signals with h = 0.4, and GMSK signals with B;/T' = 0.2
when K =0, 10, and oo, and Fp,,, = Fp = 0.

is always 7', and hence, all 2RC schemes that are considered
here are optimal with respect to ¢,, when ¢4 = 0. It is seen that
even when L > 2, the optimal values are close to those listed in
Table 3 which were found by using the worst case sequence. As
with DPD, it was further found that the error probability varia-
tions at these optimal values of ¢, are very close to those at val-
ues of t,, listed in Table 3, and hence, only the variations with ¢,
values listed in Table 3 are plotted in Fig. 8 and in the remain-
ing figures. Fig. 9 shows the hit error probability variations of
2RC with h = 0.25 and 3RC signals with » = 0.4, along with
the corresponding variation of GMSK signals, at BgoT =~ 0.79,
when K = 0, 10, and oo, and Fp,, = Fp = 0. It is seen
from Fig. 9 that 2RC signals perform better than GMSK and
3RC signals. Fig. 10 demonstrates the effect of a Doppler shift
by plotting the error probability variations of 2RC, 3RC, and
GMSK signals, at BggT ~ 0.79, in a SMC with K = 10, when

K=0, Fg,=F,=0.02

K=10, FDm:FD:O.OZ

7l I I I I I I
20 25 30 35 40
E,/Ng (dB)

Fig. 10. Bit error probability variations of LDD of 2RC signals with h =
0.25, 3RC signals with h = 0.4 and GMSK signals with B, T = 0.2,
ina SMC with K = 10 and Fp,, = Fp = 0.01 and 0.02, and in a
LMC with Fpp,,, = 0.02.

Fp, = Fp = 0.1 and 0.2, and in a LMC when Fp,,, = 0.02.
As with DPD, it is seen from Fig. 10 that LRC signals can per-
form better than GMSK signals both in presence and in absence
of a Doppler shift with LDD too.

It is noticed that at higher bandwidths, LRC signals with
lower values of L perform better, and as the bandwidth de-
creases, higher values of L tend to perform better. It is seen
from the numerical results that in case of DPD, different values
of L perform best depending on the situation. However, in case
of LDD, it is also noticed that, at all bandwidths considered here,
2RC signals perform best among all LRC signals. Further, as it
has been stated before, LDD of 2RC signals does not require a
feedback loop, and the sampling instant ¢, = T, can be directly
taken from the symbol timing information.

Even though only PR-RC signals have been considered here,
one can similarly compute the error probabilities with other
forms of partial response signals with baseband pulses such as
half cycle sinusoid (HCS), spectral raised cosine (SRC), etc.,
which produce spectral variations similar to GMSK signals. The
optimal delays and optimal modulation indices will however,
depend on the baseband pulse. In case of LDD detection, it
is noticed that when L = 2, signals can be detected without
any interference, regardless of the pulse shape, and the optimal
sampling instant remains at ¢, = T'.

VI. CONCLUSIONS

It has been demonstrated using LRC signals that other forms
of CPM signals can perform better than GMSK signals in a mo-
bile channel. LRC and GMSK signals have been analyzed and
compared in a satellite mobile channel with DPD and LDD re-
ceivers with decision feedback. In case of DPD, the delay in the
differential phase detector, and in case of LDD, the sampling
instant of the discriminator have been selected to minimize the
error probability. The bit error probabilities of LRC signals are
presented along with those of GMSK signals, in land mobile,
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satellite mobile, and Gaussian channels, at different bandwidths
and Doppler shifts. It has been shown that both DPD and LDD
of LRC signals perform better than GMSK signals.
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