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ABSTRACT

Energy spreading transform (EST) based modulation is an effective technique to combat frequency-selective
fading in broadband wireless communication. It performs close to the inter-symbol interference (ISD)-free matched
filter bound (MFB) only at the complexity of a linear detector. Originally, EST-based modulation has been
proposed for QPSK. However, to fully utilize the capacity of multipath fading channels, higher-order modulations
are also necessary. In this paper, we review the EST based modulation that has originally been proposed for
QPSK and discuss its extension to 8 PSK and 16 QAM. The performance of the extended system is verified
through simulation in Proakis B and 8-tap fading channel. The EST based modulation for 8 PSK shows the
performance which is very close to MFB and the EST based modulation for 16 QAM shows the performance
gap between its receiver and MFB.

I. Introduction SC-FDE"™, EST-based modulation is a block-

transmission scheme that employs cyclic prefix (CP)

Energy spreading transform (EST) based to prevent inter-block interference. Also, similar to
modulation is a powerful scheme to combat SC-FDE, it employs low-complexity frequency-
frequency selectivity of wireless channels for domain equalization to combat inter-symbol
wideband communications. Like OFDM®® and interference (ISI) in single-carrier broadband
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communications.

EST spreads the symbol energy to the entire
symbol block, increase the reliability of the feedback
signal, and enables iterative signal detection at the
receiver even without channel coding. Both
hard-decision and soft-decision receivers have been
developed for the iterative signal detection. At
sufficiently high signal-to-noise ratio (SNR), it
removes most of the ISI and its performance
approaches the matched filter bound (MFB).
However, its complexity is only that of a linear
detector.

Originally, EST-based modulation has been
proposed for QPSK™. However, to fully utilize the
capacity of wireless multipath fading channels,
higher-order modulations that can convey more bits
per symbol than QPSK are also necessary. For
example, in adaptive modulation, constellation size
or modulation type is adapted to the channel
condition to maximize the spectral efﬁciency”’g]. To
adapt to the wide range of channel SNR variation,
modulation types such as BPSK, QPSK, 8 PSK, 16
QAM, 16 PSK, 32 PSK, 64 QAM, and 256 QAM
are used.

In this paper, we consider the extension of
EST-based modulation to higher order modulations.
Optimum forward and feedback filters for 8 PSK
and 16 QAM are derived for both hard and
soft-decision receivers. Signal detections for
higher-order PSK’s and higher-order QAM’s can be
derived following our approaches used in the
derivation of 8 PSK and 16 QAM, respectively.

The rest of the paper is organized as follows.
System model for EST-based modulation is in
Section II. Optimum receivers for both 8 PSK and
16 QAM with hard-decision and soft-decision
schemes are provided in Section III and Section IV,
respectively. Simulation results are provided in
Section V and finally conclusion is drawn in Section
VL

Thr . * T H
oughout this paper, , ~, and denote

complex conjugate, transpose, and Hermitian,
respectively. (O denotes circular convolution and
€{ } denotes statistical expectation.

II. System Model

Fig. 1 shows the block diagram of EST based
modulation and its detection. A block of transmit

symbols 8= [sys; ~=,8y 1]  of length N with an

average transmit power ag is transformed by EST to
~_ (= = ~ T
§= [so,sl,--',sN_l] = FEs

where F is an N by N EST matrix. An EST is an
orthonormal transform that uniformly spreads a
symbol energy over the entire symbol block. Before
transmission, a cyclic prefix (CP) is inserted to
avoid interblock interference. At the receiver, CP is
first extracted and then the received signal can be
written as

r,=h Os, +n, €))

where n, denotes additive white Gaussian noise

(AWGN) with power UZ. Equivalently, (1) can be

written in frequency domain as
R, = Ecgk + N,

where R, H, and N, are discrete Fourier

transforms of =, h,, and n,, respectively.

The signal is detected in an iterative fashion by
forward and feedback filters. Optimum forward filter
depends on the reliability of feedback signal. Define
4 a ~(i)

n =S7l - S’VL

. ~) .
to be the post-detection error, where s, is the soft-
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Fig. 1. EST-based modulation
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or hard-decision of s, at the ith iteration. As

derived in [1], optimum forward filter in
frequency-domain  that maximizes signal to
interference noise ratio (SINR) at the ith iteration is

. oy
A = e — @
(afj 1)) |HJ* +o?

n

where « is a scaling factor and

(o )2=%VNE e{ir} ®

M At the first iteration,

is post-detection error power
2 . .
(o',(lo)) =07 because there is no feedback signal.

The feedback filter in time domain cancels the
residual ISI after forward filtering'", that is,

where

Then, consider the decision variable at the ith
iteration right before the decision device in Fig. 1,

=g, +il) 40/ )
where iS) and n ') are interference and noise,

respectively. Note that the coefficient of s, is one
by adequately choosing o in (2). Then, the signal,
interference and noise power can be expresses as

(11,

and

684

respectively, where

where (ai”)z =P+ PY is the error power at the
ith iteration. For our analysis, we assume the
interference plus noise to be Gaussian. Each variable
in (4) can be decomposed into its real (in-phase) and
imaginary (quadrature) components. For example,

Z(z ()

—z +j2 and s, =s;, +jsg,. Also, the

error power can be decomposed into

Our objective is develop hard- and soft-detection
schemes for 8 PSK and 16 QAM. The examples of
the Gray mapping for A-ary constellation are shown
in Table 1. For 8 PSK, q; denotes the /th symbol
in the constellation A= {a}]_ . For 16 QAM, a;
and ap; denote the Ith symbol of a inphase and
quadrature
A={a;+j- an}l "

following sections, we calculate post-detection error

component in the constellation

respectively. In  the

Table 1. Gray mapping for 8 PSK and 16 QAM.

8 PSK 16 QAM (a;= ay+ag))
9 LRI oy (ag) | B (e5?)

0 : 1 00 |1 3 000

1| =0+ | oo |[7] 3 001

2 J 011 || 2 1 011

3 %(— 1+35) | 010 3 3 010

4 -1 110

5| - %(1 +4) | 111

6 —j 101

7 71_2—(171') 100
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power in (3) to be used in forward filter for 8 PSK
and 16 QAM. For soft-decision scheme, we derive
expressions for extrinsic log-likelihood ratio (LLR)
and represent the soft decision in terms of the
extrinsic LLR.

. Hard Decision

In this section, we describe the detection schemes
for hard decisions. As shown in [1], (3) becomes

() - €

where p(i) is the symbol error rate (SER) for the ith
iteration. As derived in Appendix A, the post-
-detection error power for 8 PSK and 16 QAM are

d(i )

n

Ja =0} p )

(08 s
~ 1172Q( /020397 )+ 4Q( V4 ) ©)
+6.828Q( /1707 )+ 40( v/247)

and

(i)}2
(Ud)>16QAhI
,y(i) ,Y(i)
~12Q 5 +25.50\3 "5 )
(i)
+'25Q(5 " )

5

respectively.
IV. Soft Decision

In this section, we describe the detection schemes
for soft decision. First, a posteriori LLR is defined
in terms of a priori and extrinsic LLR. Then, the
expressions for extrinsic LLR, soft decision, and

post-detection  error

powers are derived in

subsections 4.1, 4.2, and 4.3, respectively.
For each symbol @<A in Table 1, the
corresponding bits are b for r=0,---,¢ where

g=log,M—1. Denote

szi)(“l) éPp(i)(sn =a)

and

() e =)

T

to be aposteriori probabilities of s, =, and
x,, =b], respectively, where , denotes the rth bit
of the nth symbol s,. Note that [ in a, and b; is
the symbol index in A, while n in s, and z; is the

time index. As shown in [10], assuming

independence of z’s, we have

P(w)= TI B(x)

F =00

where each b] takes a value in {0,1} depending on

the considered symbol a;.

The aposteriori LLR of z; is defined by

€

10]a)= £9[a) + 1],

where Le(”[z;] and La(i)[xf[] are extrinsic LLR
and apriori LLR of z, at the ith iteration,
respectively. As shown in [11, the apriori LLR is
from the extrinsic LLR from the previous iteration,
that is,

Gt [ PO =1)
S v
=1 V] ©

where P,,(x; ‘—"w) for w<e{0,1} is apriori
probability of z, =w at the ith iteration. Note that

at the first iteration, La(l)[x;]zo because no
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a priori LLR is available.

4.1 Extrinsic LLR
Denote Pe(l‘; =w) to be extrinsic probability

of ] =w at the ith iteration, then extrinsic LLR

of x; derived in [11] is

i) P(z) bm
al:b,":lp(zn |al)|:m=];,[ g ¢ (l )] (10)
~1 mEr i
i ,,(zm,a,)[ II P;“(bw]
al:b=0 m;f;rraq

where a; b =w denotes the set of a’s in A for

which b = w,

. |20 — o
et)=emn| -1

and
PO(by) 2 POz = ). (1

The apriori probability in (11) can be also
represented as

1

o 1+exp(La(i)[xm) ’ (b;n =0)
P(by)= exp(29[z1)) = 1)- (12)
1+exp(Llfi)[le])’ L

For our further derivation of (10), define

max(z,y) 2max(z,y) +Inl +exp(—|z —yhl (13)
and

—— — — )

maJx(:L'lyaL‘Zav?i)éma,x(manx(acly%),:1:3 (14

For 8 PSK, as derived in Appendix B.1, the
extrinsic LLR of the first bit (r=0) is
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e
=max(Z"a} ]~ £, LV, ]+ L lz}) - fy,
L2~ £, f1)— m?x(fl, RCARSA
L)+ Ll + f, LP[22] - £,)

s

where
= 2z1n (afj))z
—2an (aei))z
ot V)
and

a i i i)\2

Y
The extrinsic LLR’s for the other bits (r=1,2)

can be similarly derived to be

LVl
= max(LVw2)+ f,,— £, L)~ frs
L)+ L e?) - f,) — max(f,, (16)
L]+ f, L)+ L2 ] -
La(i)[xg] +f4)
and
Le(’)[:ci]
=m/3TX(f3 [ 1]+f2

L)+ L“[ N LPR-1,)  an
— max(flL(’[ ] fa

a [xn]—'”‘[’az)[ :t]_fl, al)[z?z]+f4)

respectively.

For 16 QAM, as shown in Table 1, bits b),b]
corresponds to a;, while b,b} corresponds to ag,
Using the similar method used for 8 PSK, the

0

extrinsic LLR for 2 and z, can be found to be

2z5,’,)z -1 GZ(I’T{ -9

Le(i)[asg] =max La(l)[z,ll] +

_6z(i) 9 (18)

2ol

+1

20;)2

—max[ L(i)[x}l]—

~

and
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224 —1 224 —1
L[z} | = max LR AF )
e I
€], Oe.1, 19
—e T 19
. 625, @1 6z;, —9
—max | —————, LVt |+ —2
ool ()2
OC.I) 2(0'&1)

where (18) is proved in Appendix B.2 and (19) can
be similarly derived. The remaining bit LLR’s

Le(”[:cfl] and L'V[2®| can be similarly expressed

in terms of ( o, ) and z%)n.

4.2 Soft Decision

The soft decision of s\ which is input to the

feedback filter at the (i+1)th iteration is

M) 2 ~G) )
= Z (a)=s7,+isg,  @O)
For 8 PSK, as proved in Appendix C.1,

o _ (1=t =)= (o +4) 1+ V2 + (1- V2 )ty
S[,n = 4\/5

@D

and

) to) [1+ V2= (1- V2)t, ] — (1+1,)(t, +1,)

S Q,n 1 \/_
(22)
where
(2) (s
tﬁmh(#) 23)
For 16 QAM,
3
ég “ay) 4)

;(é)n can be similarly defined. As proved in

Appendix C.2,

S =t (2-1). 25)

Similarly, it can be easily shown that

~(i)
Son =1t (2_t3)'

Note that after the desired number of iterations,

final decision for s, is made based on the

n

a posteriori LLR of s, for both 8 PSK and 16
QAM.

4.3 Post-detection Error Power
The post-detection error power in (3) which is
used in the forward-filter at the (i+1)th iteration

can be written as

(U(i))g = lNX_JIM 1’(1 e s
¢ Nn 0l=0 :

2P(i+l)(al). (26)

For 8 PSK, (26) can be derived to be

~(i)
Sp

) @27

(o) =230

as proved in Appendix D.1.
For 16 QAM, the post-detection error power can
be decomposed into its in-phase and quadrature

components, that is, (aff))z = (U&Z})Q + (afz)Qy. From
(26), as proved in Appendix D.2,

] (28)

N1 i
(o) =2 5=

where ¢, is in (23). Similarly, it can be shown that

ity). (29)

1= ~(i
(%Q)QITVE( ‘58712‘
V. Simulation Results

In this section, bit error rate (BER) performance
of EST-based modulation employing 8 PSK and 16
QAM are provided. As in [1], EST constructed by
concatenating random-permutation matrix and
normalized Fourier-transform matrix is used with
symbol block size N=2048. Performances of both
hard-decision and

soft-decision  receivers are
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provided for EST-based modulation. Besides, MFB,
which is the performance of an ideal receiver that
can completely eliminate ISI by the aid of genie, is
provided for comparison.

Fig. 2 shows the performance of EST-based
modulation employing 8 PSK for the B channel in
[12, page. 631], whose impulse response is

h,, = 0.4075, +0.8155, _, +0.4075, _,.

At a sufficiently high SNR, the performances of
both hard-decision and soft-decision receivers are
improved as iteration proceeds until they come close
to MFB. At BER =10"" and after the tenth
iteration, the soft-decision receiver performs 0.53
dB better than the hard-decision receiver and very
close to the MFB.

Fig. 3 shows the performance of EST-based
modulation for 16 QAM when the same channel
used in Fig. 2 is employed. For the hard-decision

—e— Hard decision (Simulation)
~~+— Soft decision (Simulation}

5 0 15 20 25 30 35 40
SNR [dB]

Fig. 2. 8 PSK, Proakis B channel

—=— Hard decision (Simulation)
—+— Soft decision (Simulation)
MF__

T

it Bl Sl ts B et A
10° ] ! I L 1
5 10 15 20 25 30 35 40
SNR [dB]

Fig. 3. 16 QAM, Proakis B channel
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receiver, severe error propagation occurs below
27dB as iteration proceeds. However, the
soft-decision scheme prevents severe error
propagation and shows significantly  better
performance than hard-decision receiver. At
BER=10" and after the third iteration, the
soft-decision receiver outperforms the hard-decision
receiver by 0.62 dB. After the tenth iteration, the
soft-decision receiver outperforms the hard-decision
receiver by 3.39 dB, but there is still 8.33 dB gap
from the MFB for 16 QAM. For 16 QAM, the
proposed scheme is shown to have nonnegligible
performance gap from the MFB. This is because the
post-detection error power is usually higer for
higer-order modulations.

Fig. 4 shows the BER performance of the
EST-based modulation after the tenth iteration in a
fading channel. For the generation of fading channel,
uniform channel power-delay profile with eight
symbol-spaced taps has been used. Each tap is
considered as independent complex Gaussian
random variable with zero mean and variance 1/8.
The performance is averaged over 100,000 random
channel realizations. The performance of the
soft-decision receiver for both 8 PSK and 16 QAM
are provided together with MFB. For comparison,
performance of EST-based modulation using QPSK
and soft-decision receiver in [1] is also provided.
For QPSK and 8 PSK, the soft-decision receiver
petforms very close to the MFB at BER =10
However, for 16 QAM, the performance gap
between the soft-decision receiver and the MFB at

o B

15
SNR [dB)

Fig. 4. 16 Fading channel
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the BER =10 is about 1.62 dB.
VI. Conclusion

In this paper, EST-based modulation originally
proposed for QPSK has been extended to both 8
PSK and 16 QAM. Optimum receive filters for both
hard-decision and soft-decision schemes are derived
and simulation results are provided. Simulation
results show that EST-based modulation is also an
effective technique for high modulations such as 8
PSK and 16 QAM.

Appendix A

Derivation of (6) and (7)
Here, we drop the time index n in s, and d, for

simplicity. Omitting the time index, (5) becomes

(U,(ji))2 - {|d(i)|2|d(i) = 0} . p(i) (30)

(@

where d¥) =s—3 ). As derived in [13], SER can

be written as

20( /029397 ) for8 PSK

P = gy
3Q( g'y(’)) for16 QAM

Define d, ,#|a, —a| to be the Euclidean distance
between a_ and ¢, in the Mrary alphabet in Table 1,
then the conditional expectation in (30) can be
represented as

M-1
€ {|d(i)|2|d(i) =0 }: Z G- P(i)(s =al) €2V
=0

where

) A~
di,- P(s— als =a s s)
1

7“:Or#l -
_ Y P(§= a,ls =a,) (32)
r=timae ml P(.;;ﬁ s|s=al) .

1. 8 PSK Case
For 8 PSK modulation, due to the symmetry,

¢y =¢ = =c;. Therefore, without loss of

generality, (31) can be written as
E{d dV = 0)=c¢, 3 P s=a)=¢c, (33)
=0

Then, from (32), (33), and the fact
P(§ =3l s =a0)=p(i) , (30) can be represented as

7
(o) = S, Himalo=a) 69

where d,o’s can be easily calculated to be

dyg = =0.765, dyy =dg = vz, dy o = dy o = 1.8477,
d,y =2, and

2 (i)
P(§=a,|s=a0)x Q( dr—();—),

which is the pairwise-error probability (PEP)™.
From (34), (6) can be obtained.

2. 16 QAM case
The symbols {a}>, for 16 QAM are shown in

Fig. 5. To calculate (31), we need to consider only
one of the four quadrants due to the symmetry of
16 QAM constellation. Choosing the third quadrant,
(31) can be written as

e{dP1d? =0}=14 3 ¢- PV (s=a),

1=0,1,4,5

where we assume PU(s=a)=1/16 for simplicity
and we need to calculate ¢ ¢ ¢, ¢ . Now,
consider calculating ¢;. In (32), d, ,’s can be easily
calculated to be

dig=dyg =4 dyg =dg g =16,d5 = d;p0 =64,
dsg=2 V2, dgo=dgy =2 V5, drg=dz0=2 V17,
dygo =4 V2, dyjg=dyo=4 V5 , and

diso=8v2.
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%' qso 37 440 qso

Fig. 5. 16 QAM constellation

The numerator in (32) when 7 =1 can be written
as

P(§ a) s= ao)

—FA-22 0 <0) A+
=[ol 3]l

X[l—Q %'y

cnl»—l;

A e

where 4" =10/(c%")* for 16 QAM. It can be

similarly derived for r=2,---,15
in (32) becomes

P(§¢ s|s—a0)

=1-P(2§) <—2)P(2Y), <-2)
w57

Then, from the above, ¢ in (32) is

N 462( @)Jr 1262(3 @)4—20@)(5 \/%A,T)
S

Similarly, it can be easily shown that

. The denominator

(36)

qQ=6 =
Q( /%v“))
and
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4Q( [%_,y(i) )+GQ(3 %,y(i) )

csz
1 m)
Q( 57

From above, (7) can be finally obtained.

Appendix B

Derivation of (15) and (18)

1. 8 PSK
For 8 PSK, the symbols for which b) =1 are

a4 as ag a, While the symbols for which b =0 are

ay @, a, a;. From (10) and (12), the extrinsic LLR

0

of z, can be expressed as

1l o
| - %‘)L']P@})Pa(b%)
[4_‘33 ))21] ] AIAG) e
_m[z:] exalg <L>)}-m[z}exp( ”)}
where
g§i>é_M+ LOam]. 3%

(@) i

Note that m:b"=1 in (38) denotes the bit
indices such that 5" =1 corresponding to the given
a;.

Using (14) and (38), the first term in (37) can be
written as

7
ln[lz]exp(ggi))} max(gfl),gg ,gg ,g<f )
=4

The second term in (37) can be similarly derived.
Then, (37) can be written as
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L§i>[x3]=m§(gﬁi?» g 98 o) 39)
—ma.}((g((]l), 9(11)? gg”’ gg))'

Finally, (15) can be obtained after calculating all

¢’s in (38) and using (39).

2. 16 QAM
For 16 QAM, from (10) the extrinsic LLR of

0 can be written as

(i) 2
Le(l) [zg] = ln[iexl{— @#]Pa(bll)
1= (0.51.1)
. 1 |z(11r)z —a”|2 1
0| ex - = PG| o)
3 1
=In [;e p g(Iil))] In LZ:O*’XP(Q(;I))]
=max(g}}), g/4)—max(g), 1))
where
|Z17L alll ]
() a ae 1
M (v =0)
St e U b =0
(o)

Finally, (18) can be obtained after calculating all

gi,’,) ’s and using (40).

Appendix C

Derivation of (21), (22) and (25)
The symbol a priori probability in (20) can be
written as

M—1
z+1 Pa(z+l (br (41)
r=0
From
Pi(gr =1) =1- P V(a7 =0) 42)

and (8), it can be shown that

11 (L”l[n]) @)

Also, from (42) and (43),

La(”l)[w;]

5 ) N

(i+1)(r — 1) = l l (
P, (xn 1) 2+ 2‘camh

1. 8 PSK

For 8 PSK, from (20) and (41), the soft decision
can be represented in terms of the bit a posteriori
probabilities as

7

= Do) PV RI0). @)

Finally, (21) and (22) can be derived from (43),
(44), and (45), where

G+1)[ r @[ r
;= tanh(La—Q[ﬁb—]-)ztanh(—L—e—z[x—"]) 46)

in (23). Note that in (46), we used (9).

2. 16 QAM
For 16 QAM, using the in-phase version of (41),
(24) can be represented as

3
Sln E[ 11Pl+1 bO

i+ 1(ph ). @7

Finally, (25) can be derived from (43), (44),
and (47).

Appendix D

Derivation of (27) and (28)

1. 8 PSK
For 8

EP(Z+1

(26) can be written as

PSK, using |aj=1 for all I,

=1, and (20), the inner summation in
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M-1
Z|al_
=0

~{1))2
Sp

P V(g)=1-

a

G

Finally, (27) can be derived from (26) and (48).

2. 16 QAM
For 16 QAM, the in-phase power of (26) is

1N1

(ol =%

PV . (49)

3
;Iau_sm

n=0!

The inner summation term in (49) can be written

as
3 _ _
Mlay— 52PN a,)=uy +up+uy,  (50)
1=0
where
~(i) 3 ; (i—1)\2
Uy =—2smlzoauPa(’H)(a”) —2(sln ),
:g(i)
~D\2A ~)\2
z(s;n) ,;]sz H)(au)z(s(f,i) ’
=1
and

and (43), it can be easily shown that
uy =5—4t, (51
Finally, from (49) and (50), (28) can be obtained.
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