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Abstract: A new concept of asymmetric modula-
tion indices has recently been proposed and
applied to full response multi-H phase-coded
modulations (MHPM) with linear phase pulse
function, and improved error probability per-
formance has been found. In the paper, the above
concept is extended in two directions. The partial
response performance is analysed and compared
with full response systems, and the effect of differ-
ent phase pulse functions on bandwidth/power
efficiency is discussed in detail. It is shown that
not only is improved performance possible, but
also a full range of design trade-offs, among band-
width and power efficiencies and complexity, are
available for system optimisation.

1 Introduction

Continuous phase modulation (CPM) [1, 2] signalling
schemes have gained much interest in recent years due to
their attractive spectral properties. The approach of
phase-coded modulation provides good potential for
further improvements in power and bandwidth effi-
ciencies at the price of increased complexity [3]. Multi-h
phase-coded modulation (MHPM), described in detail by
Anderson and Taylor [4], represents one trend in this
area towards the development of efficient signalling
schemes for the transmission of digital data as opposed
to techniques such as minimum shift keying (MSK) or
quaternary phase shift keying (QPSK) [5-9]. In the
MHPM schemes, cyclically varying modulation indices
are used in a prescribed manner so that the transmitted
signal has phase slope variation, changing from one
symbol interval to the next in response to the data
symbols being transmitted. Since the phase function is
altered in such a manner that unequal phase changes can
result from transmission of the same data symbol in dif-
ferent contiguous intervals, the phase change that occurs
in the first interval can not be undone during the second.
The delays in the merging of neighbouring phase trellis
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paths will thus result in longer minimum Euclidean dis-
tances for MHPM schemes than those for MSK and
hence provide the coding gain [10].

In practice, the modulation indices for MHPM are
always restricted to be multiples of 1/q, where g is an
integer, and a finite number of phase states can therefore
be used to demodulate the data in the receiver. In con-
ventional MHPM schemes, the phase states at the tran-
sition times are all multiples of /g, but not all possible
phase states are used, i.e. only even or odd multiples of
n/q are used at any transition time t = nT. However, if
all the phase states of multiples of n/g could be used, we
could have more flexibility in finding interesting signal-
ling schemes, even if the constraint length in which the
neighbouring phase trellis paths merge remains
unchanged. In a recent paper [11] a new concept of using
asymmetric modulation indices for bipolar data +1 and
—1, as compared to the symmetric indices used in con-
ventional MHPM schemes, was proposed. In this new
approach, the modulation indices h.; for the data +1
and h_; for the data —1 are not necessarily equal. More
phase states and better flexibilities are therefore available
for the designers to optimise the system performance. It
was also shown [11] that essentially no bandwidth
expansion and only a slight modification in implementa-
tion will be the result of this approach. However, the
analysis and results [11] are only for full response
systems with linear phase pulse functions. In this paper,
the above concept of asymmetric indices for MHPM is
extended in two directions. The partial response per-
formance is analysed and compared with full response
systems, and the effect of different phase pulse functions
on bandwidth/power efficiency is discussed in detail.

2 MHPM with asymmetric modulation indices

The general form for an MHPM signal is

s(t, ) = JQE/T) cos [w, t + §(t, @) + Po] 1)

where E is the symbol energy, T is the duration of a
symbol, w, = 27f, is the carrier angular frequency and ¢,
is an arbitrary carrier phase which, without loss of gener-
ality, can be set to be zero. The information-carrying
phase function ¢(t, o) can be expressed as

o, o) =2 i a;h;qlt — (i — DT]

i=—o
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@
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where 2 ={...,a_,, a_y, a9, ay, a,, } represents the
sequence of data symbols, h; is the cyclically varying
modulation index corresponding to the ith symbol and
q(t) is a phase pulse function. In practice, the modulation
indices are often obtained from a set of rational values
of the form {ly/q, I,/q, ..., Ix_1/q}, where I, <q for
0<i< K — 1,1, and q are all integers. These indices are
used cyclically with period K so that

hx+i=li/g 0<j<K-1 and n=0,12,...

The phase pulse function can be expressed as

a0 = j " gta) de )

where ¢(t) is a frequency pulse shape function with dura-
tion LT, i.e., it is zero for t <0 and t > LT, where L is an
integer, and nonzero otherwise. L =1 yields a full
response signal, whereas L > 1 corresponds to a partial
response signal. In the previous paper [11], a full
response linear phase pulse function is assumed, i.e.

0 t<0
qt) =4t2T 0<t<T @)
12 =T

For conventional binary MHPM schemes, the modula-
tion index h; has only one value for the ith symbol no
matter whether it is +1 or — 1, such that the phase trellis
of the binary MHPM are always symmetric. Let h,; and
h_; represent the indices h; for the ith symbol being +1
and — 1, respectively. Apparently, h_, = h,, for all i in
such a scheme. Assume two phase trajectories diverge
from a given state at time ¢t = 0. The phase difference at
time t = T will be n(h,, + h_,) = n(2h,) when a,’s are
different, and ¢(2h;) will be an even number. In the pre-
vious paper [11], a new concept of MHPM with asym-
metric modulation indices corresponding to the bipolar
data +1 and —1 was proposed, ie. h,; and h_; are not
necessarily equal.

This new asymmetric MHPM concept can provide the

designer with an additional degree of freedom in choos-
ing indices with better performance, because the separa-
tions among phase trajectories and the resulting
minimum Euclidean distances depend on the values & ;,
h_; and (h,; + h_). For conventional MHPM, although
q(h,) and q(h_;) could be any chosen number, g(h,;
+ h_,) will always be an even number, and this con-
straint will limit the possibilities of maximising the
minimum Euclidean distance. In other words, if g(h.;
+ h_;) does not have to be an even number, more
opportunities will be available for designers to achieve
better performance. This is the basic idea of the asym-
metric MHPM concept. Extensive numerical results have
been obtained for full response systems with linear phase
pulse function in the previous paper [11], and it has been
shown that with this approach significant performance
improvements can be achieved compared to the conven-
tional MHPM schemes.

3 Performance analysis approaches

In this paper, we will first analyse the bandwidth/power
performance for full response MHPM with asymmetric
indices with different phase pulse functions. The phase
pulse functions assumed include linear phase (LP), raised-
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cosine (RC) and half-cycle sinusoid (HCS) functions:

q0 =
0 t<0; LP, RC, HCS
t2T 0<t<T; LP
[1 —cos (nt/T)]/4 0<t<T; HCS
[(¢/T) —sin 2nt/T)/2n}/2 0<t<T; RC
1/2 y=T,; LP, RC, HCS
)

In the LP case, the frequency is held constant throughout
the data interval, whereas with RC and HCS the instan-
taneous frequency varies slowly and smoothly. However,
when the partial response schemes are analysed, only the
linear phase pulse function will be assumed, i.c.

0 t<0
q(t) =t)2LT 0<t<LT ©6)
1/2 t>LT

L =1 yields a full response signal as in eqn. 4, whereas
L > 1 corresponds to a partial response signal. The per-
formance for conventional partial response multi-h
schemes with such linear phase pulse function and L = 2
have been found to be very attractive for h; < 1.0 [12].
Such a linear phase pulse function with duration
LT = 2T will thus be used in all the following numerical
results for partial response systems.

It is difficult to analyse the error probability per-
formance of a coherent receiver for MHPM schemes.
One commonly used approach is that of calculating the
minimum Euclidean distance over several symbol inter-
vals for all possible cyclic shifts of h; values. In this paper,
the minimum Euclidean distances will be used as an indi-
cator of the power efficiency of MHPM schemes. The
minimum Euclidean distance for minimum shift keying
(MSK) is four.

When considering the spectral behaviour of MHPM
schemes, the evaluation of the power spectra of MHPM
signals is quite involved, thus simple approximations are
often used to estimate the bandwidth of multi-h signals,
for example, the averaged modulation index h approach
used by Wilson [13]. In this approach, the average of the
modulation indices h; over one cycle is calculated

- 1 X
h=ﬁi§1(h+,-+h_,-) Y]

Since the bandwidth of a constant-h signal is proportion-
al to its modulation index h, h can be taken as an esti-
mate for the bandwidth of an asymmetric MHPM signal
by considering a constant-h signal with modulation index
h. In this paper, we also use h as an estimate for the
bandwidth requirement of an MHPM signal with asym-
metric indices, and h’s are rounded to 0.01 in the numeri-
cal results.

4 Bandwidth/power performance analysis for full
response cases with different phase pulse
functions

Here we first analyse the bandwidth/power performance
for full response cases with different phase pulse func-
tions. The minimum Euclidean distances for the best
combinations of modulation indices with K = 2, 3, and 4
have been calculated. The maximum value of all the
minimum Euclidean distances with the same h for all
possible values of g being considered is taken as a
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measure of the power efficiency and listed in Tables 1-3
with the value of q for K = 2, 3 and 4, respectively. For
2-h schemes, it is clear that the largest minimum Euclid-

Table 2: The maximum value of all the minimum Euclidean
distances with the same averaged modulation index h for
full response asymmetric MHPM with K =3

ean distance is 7.81 with h = 0.52 and ¢ = 13 when the A Minimum Euclidean distance (g)
RC phase pulse function is used. Since the implementa- LP RC HCS
tion complexity of a multi-h system increases with g, RC
phase 2-h schemes with ¢ =7 and h = 0.54 is a good g'g; z-;g gg; :-g; g;; :—gg g;;
choice when the system complexity is considered. 033 427 (s) 476 (15) 460 (15)
0.34 4.99 (15) 5066 (16) 5.59 (16)
Tabie 1: Maximum value of all the minimum Euclidean dis- 035 528 (17) 689 (17) 571 (17)
tances with the same averaged modulation index h for full  0.36 536 (16) 5.92 (13) 5.75 (13)
response asymmetric MHPM with K = 2 037 5.64 (17) 6.27 (15) 6.15 (15)
0.38 597 (17) 6.49 (14) 6.35 (11)
h Minimum Euclidean distance (q) 0339 6.08 (14) 6.94 (14) 6.77 (14)
0.40 6.43 (17) 7.20 (17) 7.03 (17)
Lp RC HCS 041 656 (17) 7.20 (17) 7.03 (17)
0.34 418 (11) 4.81 (11) 459 (11 042 6.78 (17) 7.61 (13) 7.45 (13)
0.35 4.51 §12; 5.13 212; 4.92 ?12; 043 7.24 (17) 7.75 (16) 7.59 (16)
0.36 4.49(9) 5.16(9) 4.94 (9) 044 716 (15) 7.55(17) 7.41 (17)
0.37 4.79 (13) 5.40 (13) 5.19 (13) 045 754 (17) 7.89 (17) 7.86 (17)
0.38 4.85 (10) 5.53 (13) 5.28 (10) 046 7.79 (16) 7.89 (17) 7.86 (17)
0.39 5.14 (11) 578 (11) 5.56 (11) 047 7.72(11) 7.97 (17) 7.87 (17)
0.40 5.60 (13) 6.19 (13) 5.99 (13) 0.48 7.80 (11) 8.04 (14) 8.01 (11)
041 537(8) 6.05(8) 5.82(8) 049 7.90 (17) 803 (14) 813 (17)
0.42 566 (9) 6.30 (13) 6.08 (9) 050 7.97 (16) 7.92 (17) 7.92 (14)
0.43 6.09 (11) 6.65 (11) 6.46 (11) 0.51 7.94 (17) 7.69 (17) 7.75(17)
0.44 6.39 (13) 6.88 (13) 6.71 (13) 052 7.76 (17) 7.73 (17) 7.69 (17)
045 6.10 (11) 6.84 (11) 6.59 (11) 0.53 7.68 (17) 7.86 (15) 7.79 (17)
046 6.45(7) 7.05(7) 6.85(7) 0.54 7.65(14) 7.89 (17) 7.83 (15)
0.47 6.87 (10) 7.31 (10) 7.16 (10) 055 7.70 (16) 7.89 (17) 7.86 (17)
048 7.12(13) 7.46 (13) 7.35(13) 0.56 7.80 (17) 7.98 (16) 7.89 (16)
0.50 3.98 (13) 3.96 (13) 3.97 (13) 057 7.80(17) 807 (14) 7.95 (14)
052 7.70 (13) 7.81 (13) 7.77 (13) 0.58 7.80(17) 819 (12) 8.05 (12)
053 7.57(9) 7.73(9) 7.68(9) 059 7.97 (16) 848 (16) 8.31(16)
054 7.49(7) 7.66(7) 7.59(7) 0.60 8.05 (15) 8.49 (16) 8.41 (15)
0.56 7.31 (11) 7.58 (11) 7.49 (11) 0.61 815 (14) 851 (15) 8.62 (16)
0.56 7.23 (13) 7.62 (13) 7.49 (13) 0.62 843 (17) 852 (14) 877 (15)
057 7.14 (1) 7.59 (11) 7.44 (11) 0.63 8.58 (16) 861 (17) 8.78 (12)
0.58 7.06 (13) 7.58 (9) 7.40 (9) 0.64 882 (14) 8.45(16) 8.80 (17)
059 6.99(8) 7.58(8) 7.38(8) 0.65 8.97 (16) 8.49 (16) 8.81 (14)
0.60 6.97 (12) 7.62 (12) 7.41 (12) 0.66 8.97 (16) 830 (17) 8.79 (17)
0.61 6.96 (11) 7.49 (11) 7.42 (11) 0.67 586 (15) 5.59 (15) 5.67 (15)
0.62 6.95(13) 7.28 (13) 7.40 (13) 0.68 9.28 (15) 8.15(15) 8.61 (17)
0.63 7.00 (13) 7.33 (10) 7.49 (13) 0.69 9.28 (15) 8.05 (17) 8.55 (16)
0.64 7.01(9) 7.10(9) 7.34(9) 0.70 9.23(17) 7.82 (15) 8.46 (15)
0.65 7.04 (12) 7.10(12) 7.34 (12) 0.71 923 (17) 7.77 (17) 8.42 (17)
0.66 7.07 (11) 6.11 (11) 6.45 (11) 0.72 8.85 (16) 7.62 (16) 8.07 (16)
0.67 7.15(12) 6.44 (12) 6.75 (12) 0.73 846 (17) 7.24 (17) 7.64 (17)
0.68 6.85(10) 6.25(7) 6.25 (11) 074 846 (17) 7.24 (17) 7.64 (17)
069 7.34 (12) 6.44 (12) 6.75 (12) 0.76 7.99 (16) 6.72 (16) 7.14 (16)
0.70 7.15(11) 6.11 (11) 6.45 (11) 0.76 7.68 (17) 6.32(17) 7.76 (17)
0.71 7.11 (13) 6.05 (13) 6.39 (13) 0.77 7.52 (15) 6.14 (15) 6.59 (15)
0.72 6.85(8) 5.70(8) 6.07 (8) 0.78 7.19 (16) 5.76 (16) 6.22 (16)
0.73 6.85(10) 5.70 (10) 6.07 (10) 079 6.96 (14) 5.49 (14) 597 (14)
0.75 058 (13) 5.33 (13) 5.74 (13) 0.80 6.66 (15) 5.15 (15) 5.64 (15)

From Tables 1 and 2, it is interesting to find that
the minimum Euclidean distance of the 2-h scheme with
RC phase pulse function is larger than those of 3-h
schemes when h = 0.52. In other words, 2-h schemes can
be used to obtain the error probability performance of
3-h schemes with less system complexity when h = 0.52.
From these three tables, we find that the distances of 4-h
schemes are always larger than those of 2-h and 3-h
schemes, if the same values of h are used. Furthermore, it
is found that the minimum Euclidean distance of the RC
phase 4-h scheme with h = 0.41 is larger than all the dis-
tances in Tables 1 and 2, which means asymmetric 4-h
schemes can be used to obtain the error probability per-
formance of 2-h and 3-h schemes with less bandwidth at
the price of increased system complexity. Part of the
optimum codes for 2-h schemes are listed in Table 4.
From this table, we find that most of the optimum codes
with the same h for different phase functions are the
same.

510

The best minimum Euclidean distances against the
average of modulation indices h are plotted in Figs. 1-3
for comparison. From Fig. 1, we find that for 2-h schemes
(K =2) the minimum Euclidean distances of the RC
phase pulse function are larger than those for LP and
HCS functions when h is smaller than 0.6. Note that the
minimum Euclidean distances form a deep notch with the
minimum value less than 4.0 when h = 0.5 for all the
three phase functions considered. This is because for 2-h
schemes the modulation index sets with h = 0.5 are weak
index sets, i.e. the constraint length will be only 2, instead
of K + 1 =3 for these cases. We can also see that the
highest power efficiency will be achieved at a minimum
distance of 7.81 with a bandwidth parameter h = 0.52
when the RC phase pulse function is used, which seems
to be a very attractive design. Apparently a plot such as
in Fig. 1 provides very useful bandwidth-power per-
formance analysis for design trade-offs and system opti-
misation.
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Table 3: The maximum value of all the minimum Euclidean
distances with the same averaged modulation index h for
full response asymmetric MHPM with K = 4

Table 4: The maximum value of all the minimum Euclidean
distances with the same averaged modulation index h for
2-h schemes withgq

h Minimum Euclidean distance (q)
LP RC HCS

031 5.32(22) 5.77(22) 559(19)
032 6.25(22) 656 (22) 6.50(22)
0.33 6.27 (20) 6.45 (20) 6.39 (20)
034 6.72(21) 7.08(21) 7.02(21)
0.35 6.89(21) 7.21(22) 7.04 (22)
036 7.18(21) 7.69(21) 752 (21)
037 718(21) 7.69(21) 7.52(21)
038 7.95(22) 845(22) 828 (22)
0.39 8.36(22) 8.77(22) 867 (22)
040 854 (22) 877 (22) 8.69 (22)
041 923(19) 959 (22) 950 (19)
042 916 (21) 9.22(21) 932(21)
0.43 890 (21) 8.79(22) 8.72(21)
044 851 (21) 858 (22) 850 (20)
045 8.76 (21) 8.45(21) 856 (21)
046 8.46 (20) 8.18 (20) 8.27 (20)
0.47 819 (22) 8.33(22) 824(22)
0.48 8.54(22) 8.84(20) 8.73(20)
049 890 (21) 9.33(21) 918 (21)
050 7.84(21) 7.88(22) 7.90(22)
051 923 (19) 9.63(22) 950 (19)
052 962(22) 9.83(20) 9.87 (20)
053 10.01 (22) 9.59 (22) 9.75(22)
054 968 (21) 917 (21) 937 (21)
055 962 (22) 892(19) 911 (22)
056 9.24 (18) 863 (22) 887 (18)
057 8.84(21) 8.49(22) 846 (21)
0.58 855 (17) 862 (20) 8.66 (22)
0.59 8.74 (20) 9.02 (20) 8.93 (20)
0.60 9.04 (18) 9.33(21) 9.18 (21)
0.61 9.50 (21) 9.63 (22) 9.50 (21)
062 9.79(22) 9.90(18) 9.96 (22)
0.63 9.95(20) 10.02 (21) 10.18 (21)
0.64 10.28 (22) 948(17) 9.86 (21)
0.65 10.12 (18) 9.70 (22) 9.96 (22)
0.66 1039 (21) 9.54 (20) 9.95 (20)
0.67 1039 (21) 947 (21) 957 (21)
0.68 10.07 (21) 9.02 (19) 9.1 (22)
069 9.96(22) 870(22) 9.11 (22)
070 996 (22) 861(22) 9.11 (22)
0.71 9.96 (22) 8.31 (20) 8.91 (20)
072 979(19) 812(21) 8.64 (18)
073 977 (20) 7.80 (19) 8.44 (21)
074 946 (21) 7.62(17) 821 (17)
075 7.98(22) 7.44(20) 7.90(22)
0.76 9.08 (22) 7.30 (22) 8.08 (22)
077 854 (21) 7.11(21) 758 (21)
078 830(19) 6.86(19) 7.33 (19)
0.79 796 (20) 6.48 (20) 6.96 (20)
0.80 7.66(21) 6.15(21) 6.64 (21)

In Fig. 2, it can be seen that for 3-h schemes (K = 3),
although the RC phase pulse function seems to be the
most power efficient when k is less than 0.6, the LP phase
pulse function will be the best choice when h is allowed
to exceed 0.65. In other words, LP can be used to achieve
better error probability performance but at the price of a
slight bandwidth expansion. It can also be seen that for
3-h schemes the modulation index sets with h = 0.67 will
limit the constraint length to be 3 instead of K + 1 =4,
and this is why the minimum Euclidean distances form
another deep notch there. On the other hand, LP phase
pulse function with h = 0.68 can be used to achieve the
largest distance of 9.28 for 3-h schemes. It is clear that the
choice of h value is very important for the system design
of MHPM schemes.

For 4-h schemes (K = 4) in Fig. 3, the weak modula-
tion index sets have h = 0.5, although the notch is not so
deep as before. From this Figure, we find that the
minimum Euclidean distances for RC phase pulse func-

IEE PROCEEDINGS-I, Vol. 139, No. 5, OCTOBER 1992

h Minimum Euclidean distance (q)
(A1'A2)
LP RC HCS
conv. asym. conv. asym. conv. asym.
054 736 (12) 7.49(7) 761(12) 766 (7) 7.53(12) 7.59(7)
(12,14) (7.8) (12,14) (7,8) (12,14) (7.8)
055 7.25(10) 7.31 (11) 7.54 (10) 7.58 (11) 7.45(10) 7.49 (1)
(10,12) (11,13) (10,12) (11,13) (10,12) (11,13)
056 7.10(8) 7.23(13) 7.45(8) 7.62(13) 7.33(8) 7.49(13)
(8, 10) (14, 15) (810) (14, 15) (8,10) (14, 15)
057 6.65(7) 7.4 (11) 634 (7) 759 (1) 666 (7) 7.44 (11)
(6,10) (12,13) (6,10) (12,13) (6, 10) (12,13)
058 7.06 (13) 7.06 (13) 7.55(13) 7.58(9) 7.38 (13) 7.40 (9)
(14,16) (14,16) (14,16) (10,11) (14,16) (10,11)
059 698 (11) 699 (8) 7.49(11) 758(8) 7.35(11) 7.38(8)
(12,14)  (9,10)  (12,14) (9,10) (12, 14) (9, 10)
0.60 6.79 (10) 6.97 (12) 6.58 (10) 7.62 (12) 6.88 (10) 7.41 (12)
(10, 14) (14, 15) (10, 14) (14, 15) (10, 14) (14, 15)
061 692(9) 6.96(11) 710(9) 749 (11) 7.34(9) 742(1)
(10,12) (13,14) (10, 12) (13, 14) (10, 12) (13, 14)
062 6.87 (13) 6.95(13) 6.71 (13) 7.28 (13) 699 (13) 7.40 (13)
(14,18) (15,17) (14,18) (15,17) (14,18) (15,17)
0.63 6.95(12) 7.00(13) 7.10(12) 7.33(10) 7.34 (12) 7.49 (13)
(14,16) (16,17) (14,16) (12,13) (14,16) (16,17)
064 588 (11) 7.01(9) 541 (7) 7.10(8) 553(7) 7.34 (9)
(10, 18) (11,12) (8,10) (11,12) (8. 10) (11,12)
065 6.58 (13) 7.04 (12) 569 (13) 7.10(12) 576 (13) 7.34 (12)
(14, 20) (15,16) (16,18) (15,16) (16,18) (15,616)
Optimum code {h"' h'z} = {I"/q' Iﬂ/q}
h v h_, f_\/a.!_z/q
andA, =/, +/_ A=l ,+1_,
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Fig. 1. Minimum Euclidean distances against averaged modulation
index h for asymmetric MHPM with K = 2
——— LP
——— RC
-~ HCS

511



minimum Euclidean distance
~3

5
4 [ |
03 04 05 06 07 08
h
Fig. 2  Minimum Euclidean distances against averaged modulation
index h for asymmetric MHPM with K = 3
LP
—-— RC
- -- HCS
n_
101
g oL
C
o
@
o
c
o
3
= 8L
(o]
3
w
€
3
€
£ 7L
6|
5 f | | ! 1

>

Fig. 3  Minimum Euclidean distances against averaged
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tion are larger than those for LP and HCS functions
when h is smaller than 0.41. The peak of 9.59 for the
minimum Euclidean distance of RC phase MHPM
scheme is the best choice when h is required to be less
than 0.5. On the other hand, LP phase pulse function will
be the best choice when h is allowed to exceed 0.64. Also,
it is clear that the minimum Euclidean distances for LP
have two peaks of 10.01 and 10.39 for h = 0.53 and h =
0.66, respectively. However, because the coding gain dif-
ference is only 0.16 dB between these two peaks, but the
bandwidth for h = 0.53 is apparently much smaller, thus
the LP function with modulation index set with h = 0.53
seems to be a very attractive choice when considering
both the bandwidth and power efficiencies.

By comparing Figs. 1-3, it is quite clear that the RC
phase pulse function is the best choice when h is required
to be less than 0.5. Also, the HCS phase pulse function is
less power efficient than LP or RC phase pulse functions
in general. Furthermore, a comparison of Figs. 2 and 3
indicates that the distances of 4-h schemes with h = 0.53
can be larger than those of 3-h schemes with h = 0.68.
This means with 4-h schemes better error probability per-
formance can be achieved than with the best of 3-h
schemes, even with significantly less bandwidth but at the
price of increased complexity because complexity
increases with K. It is thus quite clear that there exist
many asymmetric MHPM schemes which can be chosen
in system design when the trade-offs among bandwidth
and power efficiencies and system complexity are con-
sidered.

5 Performance analysis for partial response cases

We now analyse the performance for partial response
MHPM with asymmetric indices and linear phase pulse
function as described in eqn. 6. The minimum Euclidean
distances for the best combinations of modulation indices
with K = 2, 3 and 4 have been calculated for linear phase
partial response multi-h schemes. The results for full
response MHPM systems are listed in columns 1 and 2
of Tables 5-7, while those for partial response MHPM

Table 5: Minimum Euclidean distances for 2-h linear phase
MHPM systems

q Minimum Euclidean distance (A,, A;)

full response partial response

conv. asym. conv. asym.
4 558 7.11 4.36 8.41
(4, 6) (4, 5) (4, 6) (6.7)
5 6.14 7.25 6.85 8.83
(6,8 (5,6) (6.8 (89
6 6.90 7.36 7.39 8.69
6.8) (6,7) (810) (9, 11)
7 665 7.45 7.90 8.60
(6,10) (7.8)  (10,12) (11,13)
8 7.10 7.51 8.41 9.03
(8,10) (8,9) (12,14) (13,14)
9 6.92 7.57 8.85 8.92
(10,12) (9,10) (14,16) (15, 16)
10 7.25 7.61 8.83 8.83
(10,12) (10,11) (16,18) (16, 18)
11 714 7.64 8.76 9.02

(10,14) (11,12) (18,20) (18,19)
12 7.36 7.67 8.69 9.03

(12,14) (12,13) (18, 20)
13 7.28 7.70 8.64 8.95

(12,16) (13,14) (20,24) (22, 23)

Optimum code {h*" h“}: {I*‘/q' ’*2/‘7}
h_ o h_y I _./q. 1_,/q

and A, =/, +1_,, A,=1,,+/ ,
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Table 6: Minimum Euclidean distances for 3-h linear phase
MHPM systems

q Minimum Euclidean distance (A,, A,, A;)

fuil response partial response

conv. asym. conv. asym.
8 7.58 8.68 6.37 9.62
(8,10,12)  (10,11,12) (10,12, 14) (12,13, 14)
9 552 8.11 6.91 9.79
(8,12,14)  (11,12,14) (10,12, 14) (13, 14,15)
10 7.63 8.85 8.76 10.04
(10,12,14) (13,14,15) (12,14,16) (15,16, 17)
11 7.46 8.77 8.1 10.62
(12,14, 16) (14,15,16) (14,16, 18) (15,16, 17)
12 7.63 8.85 8.18 10.32
(12,14,16) (15,16,18) (16, 20,22) (18, 19, 20)
13 834 9.18 9.15 10.70
(16,18,20) (17.18,19) (18, 20,22) (18,19, 20)
14 823 8.85 9.46 10.53
(16,18, 20) (17,19,21) (20, 22, 24) (21, 22, 23)
15 7.76 9.28 9.71 10.74
(16,18,22) (18,21,22) (22, 24,26) (21,22, 23)
16 8.68 9.15 9.62 10.68
(20,22, 24) (21,22,23) (24,26,28) (21, 25, 26)
17 8.46 9.23 9.49 10.77
(22, 24, 26) (23, 24, 25) (26, 28, 30) (24, 25, 26)

Optimum code {

h+1' h+2' h+3}:{l+l/q' I+2/ql /‘3/‘7}
h_ i h_ 5 h_g 1_3/a.1_2/q.1_3/q9

andA, =/, A=l 5 A=A +A

systems are listed in columns 3 and 4. From these tables,
it is clear that the minimum Euclidean distances for
asymmetric MHPM schemes are always larger than
those of conventional symmetric MHPM, for all values
of g for which the calculation has been performed. It is
also revealed that the minimum Euclidean distances are
much less dependent on the choice of ¢ when asymmetric
modulation indices are used. Furthermore, it is inter-
esting to find that most of the best combinations of h
used for partial/full response asymmetric MHPM
systems are different. From Tables 6 and 7, we find that
the distances of asymmetric MHPM with K = 3 are very
close to those of conventional symmetric MHPM with
K = 4. Since the implementation complexity of a multi-h
system increases with K, this means asymmetric MHPM

can be used to obtain even better error probability per-
formance, compared to conventional symmetric MHPM,
but with less complexity. For example, for an asymmetric
3-h scheme with ¢ =17, we can obtain a minimum
Euclidean distance very close to that of the best conven-
tional 4-h scheme with g = 20.

In Fig. 4, the minimum Euclidean distances against g
are plotted with K = 2, 3 and 4 for both linear phase full
response and partial response MHPM’s with asymmetric
modulation indices. It is easy to see in this Figure that,
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Fig. &  Comparison of minimum Euclidean distances for full response
and partial response MHPM with asymmetric modulation indices

Partial response

Full response

@K=2 AK=3 MK=4

Table 7: Minimum Euclidean distances for 4-h linear phase MHPM

systems
q Minimum Euclidean distance (A,,A,,A;,A,)
full response partial response

conv. asym. conv. asym.
16 9.29 10.32 9.07 11.22

(16, 22, 20, 24) (20, 23, 18, 24) (20, 24, 26, 22) (24, 23, 25, 26)
17 8.02 10.21 9.43 11.21

(20, 22, 24, 28) (21, 24, 20, 26) (22, 26, 28, 24) (25, 24, 27, 28)
18 8.12 10.21 9.03 11.32

(18, 26, 20, 22) (20, 26, 23, 27) (20, 28, 32, 22) (30, 28, 27, 29)
19 8.83 1013 10.61 11.38

(20, 28, 24, 26) (24, 27, 22, 28) (26, 30, 32, 28) (25, 30, 31, 29)
20 9.55 10.35 10.86 11.56

(28, 20, 30, 26) (29, 22, 30, 24) (28, 32, 34, 30) (33, 31, 30, 32)
21 854 10.38 9.90 11.32

(26, 32, 34, 30) (24, 32, 25, 30) (30, 34, 36, 32) (25, 35, 29, 33)
22 9.78 10.31 10.50 11.60

(28, 30, 24, 32)

(28, 32, 25, 33)

(28, 32, 38, 30)

(35, 36, 34, 33)

Optimum code {

h_,

h+|' h+2' h+3' h+4 =
h_,,h 5, h_,

{NMJHMJHMJMM}
!2/a.1_2/a. 1 _5/q, 1 _4/q

andA, =/, +l_,,A2=I+2+l_2,A3=I+3+IA3,A4=I+4+I_4
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for asymmetric MHPM schemes, partial response pro-
vides a better performance compared to full response for
K varing from 2 to 4. Furthermore, it can be found that
the Euclidean distances of linear phase partial response
asymmetric MHPM with K =2 and K =3 are very
close to those of full response asymmetric MHPM with
K = 3 and K = 4, respectively.

6 Conclusion

In this paper the new concept of asymmetric indices
recently proposed for MHPM is extended to partial
response systems and different phase pulse functions. It is
found that significant improvements in power efficiency
are possible, and a full range of design trade-offs among
bandwidth and power efficiencies and complexity are
available for system optimisation. For full response
MHPM systems, the RC phase pulse function turns out
to be a very good choice when the bandwidth-power
trade-off is considered for average indices less than 0.5.
With asymmetric modulation indices, partial response is
shown to give better performance than full response at
the price of increased system complexity.
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