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|PAPER

A Maximum Likelihood Decision Based Nonlinear
Distortion Compensator for Multi-Carrier Modulated

Signals

Minoru OKADA', Hideki NISHIJIMA'*, and Shozo KOMAKI', Members

SUMMARY  This paper proposes a new nonlinear distortion
compensation scheme for orthogonal multi-carrier modulation
systems. Multi-carrier modulation is an effective technique for
high speed digital transmission over time-dispersive channels,
howeyver, it is very sensitive to nonlinear distortion. The pro-
posed scheme compensates for the performance degradation due
to nonlinear distortion using the maximum likelihood (ML) de-
tection criterion. While the ideal ML receiver requires a huge
computational cost and is not feasible, the proposed decision al-
gorithm can effectively reduce the computational cost. Instead of
evaluating the likelihood function for all the possible sequences,
the proposed scheme examines the sequences which differ by only
one bit from the sequence decoded by the conventional receiver.
Computer simulation resulis show that the proposed scheme can
effectively compensate for the nonlinear distortion.

key words: multi-carrier modulation, nonlinear distortion,
MLSE

1. Introduction

Orthogonal multi-carrier modulation, also referred
to as “orthogonal frequency division multiplexing
(OFDM),” is an effective technique for high speed dig-
ital transmission over time-dispersive channels, and has
been suggested for a variety of applications such as dig-
ital transmission over telephone line or “high bit rate
digital subscriber line (HDSL)” transmission[1], ter-
restrial and satellite digital broadcasting system [2], [3]
and wireless local area networks[4]. In multi-carrier
modulation systems, although each sub-carrier operates
at low data rate against time-dispersion, the total high
data rate transmission can be achieved by using multiple
sub-carriers.

As mentioned above, a lot of attention has been
paid to the multi-carrier modulation in a variety of ap-
plications, however, it has a main drawback, that is, a
sensitivity to nonlinear distortion due to high power
amplifier (HPA)[3],[5]-[7]. Since the multi-carrier
modulated signal is the sum of a large number of (sev-
eral hundreds) modulated sub-carriers, its amplitude
widely varies even if the amplitude of each modulated
sub-carrier has a constant envelope. Because of this am-

Manuscript received February 13, 1997.
Manuscript revised August 26, 1997.
T The authors are with the Faculty of Engineering, Osaka
University, Suita-shi, 565-0871 Japan.
*Presently, NTT Kansai Mobile Communications Net-
work, Inc.

plitude variation, the multi-carrier signal is severely dis-
torted by the nonlinearity of HPA which leads out-of-
band emission and the bit error rate (BER) performance
degradation.

Out-of-band emission is a serious problem in ra-
dio communication systems especially in a band lim-
ited environment, because it makes adjacent channel in-
terference. For multi-carrier modulated signal, it has
been suggested in [8] that this can be solved by using
techniques such as a low peak power transmission tech-
nique. On the other hand, in HDSL system, optical
fiber radio extension link[9], and some satellite com-
munication systems where there is no adjacent channel
or bandwidth is not severely limited, out-of-band emis-
sion is not a serious problem. This implies that we
do not have to always pay attention to the out-of-band
emission in conjunction with nonlinear amplification.

On the other hand, to reduce the performance
degradation due to nonlinear amplification, the oper-
ating point in HPA must be largely backed off from
the saturation point. However, backing off the operat-
ing point also reduces the output power and the power
efficiency of the HPA. In a portable transmitter or a
satellite transponder where the power consumption is
strictly limited, it is not acceptable. Therefore, in or-
der to improve the BER performance in nonlinear envi-
ronment, some techniques have been proposed, for in-
stance, a postdistortion receiver for mobile communi-
cations has been discussed in [10], and postdistortion-
type nonlinear distortion compensator for sub-carrier
modulation (SCM) optical transmission system in [11].
However, there has been no study on nonlinear distor-
tion compensator for orthogonal multi-carrier modula-
tion system. Fortunately, since all the sub-carriers in
multi-carrier modulation are modulated synchronously,
more sophisticated detection techniques such as max-
imum likelihood sequence estimation could be easily
applied to the receiver.

In this paper, we propose a new nonlinear distor-
tion compensation scheme for orthogonal multi-carrier
modulation systems. The proposed compensator is
based on a maximum likelihood (ML) detection at the
receiver. The receiver with the proposed nonlinear dis-
tortion compensator generates replicas of the possible
transmitted signal$ with nonlinear distortion and selects
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a replica which is the closest to the received signal. Al-
though the ML detection is optimum, it is impossible
to implement, because the computational cost increases
rapidly with the number of sub-carriers if all the pos-
sible replicas are evaluated. To reduce the computa-
tional cost, we propose a sub-optimum detection pro-
cedure. Instead of evaluating all the possible replicas,
the proposed procedure only evaluates replicas which
differ only one bit from the binary sequence which is
demodulated by the conventional multi-carrier receiver.
The computational cost of the proposed scheme is rela-
tively small as compared with the complete ML detec-
tion procedure. Moreover, by repeating this procedure,
the proposed scheme can further improve the BER per-
formance.

This paper is organized as follows: Section 2 de-
scribes the orthogonal multi-carrier modulation system
model, Sect.3 shows a nonlinear distortion compen-
sator based on the maximum likelihood criterion. Sec-
tion 4 theoretically analyzes the bit error rate perfor-
mance of the maximum likelihood receiver. Section 5
proposes a new sub-optimum nonlinear distortion com-
pensator, which can reduce the computational cost of
the maximum likelihood compensator. Finally, Sect. 6
shows computer simulation and numerical results on the
BER performance.

2. System Description

Figure 1 illustrates the block diagram of the orthogonal
multi-carrier modulation system discussed in this paper.
Let

B = [by, by, .. [bo,b1,...,by], )

be a binary information sequence composed of KN in-
formation bits where

abKNﬁl] -

br = [ben, beng1, - bansr—1], 2

is a sub-sequence of B. The sequence B is applied to
the 2% -ary QAM (quadrature amplitude modulation)
modulator, and here the k-th output of the modulator
is given by

cr = Q(bg), 3)

where Q(b) is the mapping of the QAM modulator.
The output of the QAM modulator ¢ is then applied

AWGN

5O = [ 5, Channel

Fig. 1  Block diagrams of the orthogonal multi-carrier modula-
tion transmitter and receiver.
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to the serial to parallel converter (S/P), where N QAM
symbols are parallelly processed. Here, the output of
S/P is given by

aCN—l]' (4)

The output C is then applied to the inverse discrete
Fourier transform (IDFT) processor, where the N mod-
ulated sub-carriers with different sub-carrier frequencies
are summed up by the IDFT. Defining ¢, as the ob-
servation period (symbol period) of the IDFT, all the
sub-carriers are spaced by 1/t in the frequency band,
and the frequency of the k-th sub-carrier is given by

k

fk:t_+fla (5)

C:[CQ,Cl,...

where f; is the lowest sub-carrier frequency. The multi-
carrier modulated signal without nonlinear distortion
in the transmitter is given by

N—-1

Z ¢, exp(j2m fit). (6)

Through the nonlinear amplifier, s(t) experiences a
nonlinear distortion, and the output signal from the
transmitter is given by

50 (t) = gc(s(t))a (7)
where
ge(z) = g(Jz[)ed A=+ =], (®)

is the input/output characteristic function, |z| and /z
are the amplitude and the phase of z, respectively, and
g(z) and f(z) are the amplitude and phase characteris-
tics of the nonlinear HPA, respectively.

Now, we focus our attention to the following solid
state power amplifier (SSPA) as the nonlinear HPA in
the transmitter. The amplitude and phase characteristics
of the SSPA are given by [6]

Z

g(x) = WE7 9

and

fz) =0, (10)

where p is the smoothing factor of the transition from
the linear region to the limiting region. The operating
point of the amplifier is expressed as the back-off, and
the input back-off and output back-off are defined as:

‘Pl Sa
IBO = 10log,, —25% (11)
F;
and

PD sa
OBO = 10log;y —5* i3 (12)

o
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where P; and P, are the average powers at the input and
output of the HPA, respectively. P, sq; is the saturation
output power and F; .4 is the input power correspond-
ing to the saturation point.

The received signal is given by

r(t) = so(t) + 2(¢), (13)

where z(t) is a complex Gaussian noise component
added through the channel. The received signal is then
applied to the discrete Fourier transform (DFT) proces-
sor. The k-th sub-carrier component is given by

1 [t
TR = %—/ r(t) exp(—j2mkt)dt
5 J0

= ¢k + 2k + U, (14)
where
1 [
2 = . z(t) exp(—j2mkt)dt, (15)
s Jo

is the complex Gaussian noise component correspond-
ing to the k-th sub-carrier, and wuy is the crosstalk,
namely, the adjacent sub-channel interference compo-
nent due to the nonlinear distortion.

At the final stage in the receiver, the symbol-by-
symbol detector estimates the transmitted binary se-
quence. The output of the detector is given by .

“Yrg), (16)

where Q1(-) is a decision function corresponding to
Q(-). The output binary sequence is finally given by

br(= [ben, benr1, - - - bryyn—1]) = Q

~

BO = (b, by, bal, (an

where we call this receiver based on the decision rule
given by (16) “a conventional receiver.”

In the symbol by symbol detector expressed above,
the term w performs as an additive noise component,
and degrades the BER performance. However, since uy
is a function of C = [cy, ..., cy—1], the degradation can
be effectively compensated for by exploiting the infor-
mation of uy.

3. Maximum Likelihood Nonlinear Distortion Com-
pensator

This section describes the maximum likelihood nonlin-
ear distortion compensator. Since the effect of ux in
(14) is taken into account, the ML compensator can
compensate for the BER degradation due to nonlinear
distortion.

Let 8¢(t; B) be a replica of the transmitted signal
when the sequence B is transmitted and let

ts
r“k(B)=tl /O So(t: B)exp (—j2nkt)dt,  (18)

)
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be the expected received signal corresponding to
3o(t; B), where 7 (B) corresponds to the term ¢ + uy,
in (14) when B is transmitted. The detector first cal-
culates the likelihood function on all the possible se-
quences. Since the channel is supposed to be an AWGN
channel, the likelihood function can be expressed by the
Euclidean distance:

N-1

d(B) =" |re —#(B)[*. (19)

k=0

The ML detector determines the sequence B which min-
imizes the Euclidean distance, i.e., B satisfies

d(B) = min d(B). (20)
4. Theoretical Analysis

In this section, we theoretically derive the bit error rate
performance of the ML receiver. Since s(t) in (6) is the
sum of many sub-carriers, s(t) can be approximated as
a Gaussian noise whose power spectrum density is

P
= < B/2

wi= B =82 @
0; |f| > B/2

where B = N/t is the bandwidth of the signal.
The desired signal component of the output of the
nonlinear device is given by [5]

Wi(f) = AAW(f), (22)
where
L[ a0 togy|
A= pre " 1=g(oip)e? !\ P dp| , (23)
20’1‘ 0

and o; = /P;. The third order inter-modulation com-
ponent (IM3) corresponding to uy in (14) is given by

(5]
Wa(f) = As(W oW e W)(f), (24)
where ® denotes the convolution, and

As
2

1
8

1 [ 2 .
_3/ 2 <% _ 2) e—pz/zg(gip)eyf(mp)dp
0

9;

(25)

If no nonlinear compensation is performed, the

IM3 component performs as an additive noise compo-

nent. Therefore, the effective signal-to-noise power ratio
(SNR) is given by

Wal(f)

Veffect = %+—WJT) ) (26)
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where Ny is the single-sided spectral density of the
AWGN component.

Now, we are focusing on the ML detection. Let
W (f) be the power spectrum of the m-th sub-carrier
component in Fig. 2 {c), and let W_(f) be the remaining
component in Fig.2 (b):

W(f) =Wmn(f)+ W_(f). @7
Substituting (27) into (24), we can get

Wa(f) = As[(W- @ W_ @ W_)(f)

+3(W_ @ W_ ®@ W) (f)
+3(W_ @ Wi ® Wi)(f)
+ (Wi @ Wi, @ Wi )(£)]-

In this equation, the second term in Fig.2(d) con-
tributes much to the detection of the m-th sub-carrier,
so we neglect the third and fourth terms. We can get
the power spectrum of the usable signal component as

WwmL(f) = AaWn(f) + 3As(W_ @ W_ @ Wy,)(f).
(29)

(28)

Therefore, in this case, the effective SNR is given by

B/2
ts ) W (f)df
(ML) —B/2
effect — NO - (30)

WeWRW)[f)=(W.®W_®W.)(f)

W QW ®W,)(f)
+3(W. @ W, ® W, )(f)
HW,, ®W,, ® W, )(f)

@

m

[

Fig. 2 Spectra of intermodulation products.

i i
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1
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When QPSK (Quadrature Phase Shift Keying) is em-
ployed as a modulation format for each sub-carrier, the
BER performance is approximated by

1
Py~ 5erfc<,/%). 31)

5. Sub-Optimum Nonlinear Distortion Compensator

Although the ML detection is optimum on the BER
performance, the computational cost increases rapidly
as the number of sub-carriers and the number of mod-
ulation levels increase. If 2¥-level modulation is em-
ployed for each sub-carrier, the ML detection requires
2EN evaluations of (19). This means that the ML de-
tection is not feasible when KN is large.

To reduce the computational cost, we propose a
new sub-optimum compensator. Instead of evaluating
(19) for all the possible sequences, the proposed pro-
cedure evaluates only binary sequences which differ by
only one bit from the sequence obtained by the conven-
tional receiver.

The block diagram and the detection algorithm of
the proposed nonlinear distortion compensator are sum-
marized in Figs.3 and 4, respectively. In Fig. 3, the re-
ceived signal is first decoded with the conventional re-
ceiver illustrated in Sect.2. The decoded sequence B(®)
is applied to the sequence generator generating KN se-
quences which differ by only one bit from B©).

Let BS™ be the binary sequence of KNV bits in

which only the m-th bit of BT differs from B®.
The generated sequences B%) and the original one BO)
are then applied to the transmitter model, which has
the same input/output characteristic of the transmitter
shown in Sect.2. The output signals of the transmit-
ter model are then applied to the DFT(2) to generate
the expected received signals corresponding to Bﬁ) and
BO_ The compensator calculates the Euclidean dis-
tance between rs and rk(Br(é))s or 75 (B©) and chooses
the sequence B(Y) which has the minimum Euclidean

distance in the distances corresponding to B,(ﬁ)s and
BO), Although the chosen sequence is not the result
of ML compensator, we have a chance to get the bet-
ter sequence whose Euclidean distance is shorter than

Non-Linear
Amplifier

so(5; By

Fig. 3 Block diagram of the proposed nonlinear distortion compensator.
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START

BO
=0

Generate *
B =gl
for all
m=0,1,..,KN-1

v

Generate a replica
of the received symbol

()

L

Calculate the distance
N-L

4, =S ()
k=0

2

Search a sequence
é(l—f}) = B(H—l)
. L .
which minimizes d,,

Tepeat L times

Fig.4 Flow chart diagram of the nonlinear distortion compen-
sation procedure.

that of the original one. Applying the chosen sequence
BW to the sequence generator to generate Bq(qf) and re-
peating the procedure mentioned above, we can improve

the BER performance. Furthermore, as shown in Fig. 4,

sequences Bﬁ,lfl) are generated from the [-th sequence
BO at (I + 1)-th compensation step, and the compen-
sator calculates the Euclidean distance between s and
rk(BgLH))s or r(B®W) and chooses the next sequence
B® which minimizes the Euclidean distance. Repeat-
ing this procedure, we can further improve the BER
performance.

Although the proposed nonlinear distortion com-
pensator is no longer optimum, the proposed scheme
only requires K N +1 evaluations of (19), and is feasible
even if the number of sub-carriers becomes several hun-
dreds. Figure 5 shows the computational cost against
the number of bits, N K. The computational cost is eval-
uated by the required number of DFT calculations in
each symbol. The computational cost required for the
ML receiver exponentially increases with the increase in
NK, while the cost required for the proposed receiver
is linearly proportional to NK and much less than that
of the ML receiver in a higher NK region. This im-
plies that the proposed scheme can drastically reduce
the computational cost required for the compensation
of nonlinear distortion.

6. Numerical Results

In this section, we show numerical and computer sim-
ulation results of the proposed nonlinear distortion
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10
10°
z
@]
g 2
g 10 Proposed Receiver
g # of Iteration
: -
! 2
o 10 — 3
£ —a— 5
--»-- ML Receiver ——10
0
10190 10" 10° 10°

NK

Fig. 5 Computational cost as compared with the conventional
DFT based receiver without nonlinear distortion compensation.

Table 1  System parameters.
the number of subcarriers | N = 32
Modulation format QPSK (K =2)
16 QAM (K = 4)
SSPA parameter p=3

1071 —
- w/o Compensation
------- Theory |
+  Simulation
w/ Compensation
o 102 ‘ # of Iterations
= Theory k., —o—1
R P QPSK " e
& (AWGN)
o wi ML Det. 3
B 10
32-sub-carrier QPSK .
SSPA i,
1BO=0 [dB] .
p=3 )
-4 5 Ry
10 0 2 4 6 8 10 12

Ey/Ny [dB]

Fig. 6 Bit error rate performance of the proposed nonlinear
distortion compensator for SSPA.

compensator. Table 1 shows the system parameters to
demonstrate the performance. The HPAs at the trans-
mitter and receiver have the same input/output charac-
teristic and the same back-off level. We evaluate the
BER for 5000 simulation runs in an AWGN channel.

Figure 6 is the BER performance of the 32-sub-
carrier QPSK in the AWGN channel against E;/Np
at the input back-off level of 0dB. The two dashed
lines mean the theoretical BER without compensation
in nonlinear environment, and that without compensa-
tion in linear environment, respectively, and the dash-
dotted line means the theoretical BER with compensa-
tion in nonlinear environment. The proposed compen-
sator can compensate for the BER degradation due to
the nonlinear distortion caused by the SSPA, and reach
to the theoretical BER for the ML receiver.

In order to investigate the required number of it-
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1o 32-sub-carrier QPSK
. p=3 /(Eb/N0=4 [dB]
5 ’\,\\‘_; . J
10
g \\¥ E},/Ny=6 [dB]
: {
3
s J
= IBO
TN T
—— 3 [dB] /Eb/NO:S [dB]
N f
4 N v
10 o 2 4 6 8 10

The Number of Iterations

Fig. 7 Bit error rate performance against the number of itera-
tions.

10°
32-sub-carrier QPSK ~ p=3

Ey/Ny + OBO = 8 [dB]
w/o Compensation

e - Theory
4 Simulation

&
3
m -
g l07F T
A # wl Compensation
a # of Iterations
=1 —— ]
10 ~ —— 9
------------ w/ ML det. _ i
4
10540 s 0 5 10

Input Backoff [dB]

Fig. 8 Bit error rate performance against the input back-off
level.

erations to compensate for the nonlinear distortion, we
then show the BER performance against the number of
iterations in Fig.7. When the input back-off level is
3dB, only one iteration is sufficient to obtain a good
BER, and at most 3 iterations are required even if the
input back-off level is —3 dB.

Figure 8 shows the BER performance against the
input back-off level of the SSPA at E,/Ny + OBO =
8dB. Ey/Ny+ OBO in dB means the maximum Ej /Ny
when the HPA operates at the saturation point. The
optimum input back-off level is 0 dB without compensa-
tion at E,/Nog+OBO = 8 dB. On the other hand, when
the proposed compensator is applied, the optimum in-
put back-off level reaches —6 dB. Therefore, the SSPA
can operate at the point closer to the saturation point,
in other words, the power efficiency of the SSPA can be
improved by the proposed compensator. Furthermore,
the bit error rate performance of the proposed compen-
sator agrees well with the theoretical result on the ML
receiver at /BO > —3 dB.

Figure 9 shows the BER performance against the
SSPA parameter p at Fy/Ng = 8dB and /BO = 0dB.
The proposed compensator can compensate for the
degradation due to nonlinear distortion and agrees well

IEICE TRANS. COMMUN., VOL. E81-B, NO. 4 APRIL 1998

-2 . . .
10 32-sub-carrier QPSK Ey/Ng =8 [dB]
IBO=0dB
w/o Compensation
————— Theory
4 Simulation
° T T 2T
I " 4 w/ Compensation
=4 .
R # of Iterations
10
£ —— 1
E w/ ML det. — 2
B A Theory —3
—=— 4
/au——n———“
o
-4
10
0 2 4 6 8 10

Fig. 9  Bit error rate performance against the parameter p.

.2
10735 sub-cartier QPSK p=3 Tx IBO = 0 [dB]

Ey/Ny=6dB w/o Compensation

Proposed Scheme

w/o Compensation

E}/Ny=8dB

Bit Error Rate
3

Proposed Scheme

-4 -2 0 2 4
Input Backoff Error [dB]

Fig. 10  Effect of the input back-off error between transmitter
and receiver.

with theoretical result on the ML compensator.

In the previous analysis, the HPAs at the transmit-
ter and receiver have the same input/output character-
istic and the same back-off level. However, in prac-
tice, this assumption could be impossible, and a HPA
characteristic and back-off level mis-matching will de-
grade the compensation performance. Figure 10 shows
the BER performance against the input back-off error.
The HPAs have the same input/output characteristic,
but their back-off levels are different. The BER per-
formance degrades with the increase of the input back-
off error. However, the degradation due to the input
back-off error is tolerable as compared with that due to
nonlinear distortion. Figure 11 shows the BER perfor-
mance against the error in parameter p. The proposed
compensator is insensitive to the error in p. These re-
sults demonstrates that the proposed compensator for
the SSPA is practical not only in a sense of the compu-
tational cost, but also in the accuracy of the compen-
sator.

Figure 12 is the BER performance against Ej,/Ng
at the input back-off level of 0dB when applying the
proposed compensation to 32-sub-carrier 16 QAM sys-
tem. The BER performance of the proposed compen-
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w/o Compenation
E}/Ny=6dB
Proposed Scheme

w/o Compenation

Bit Error Rate
S

Ej/Ng=8dB
°\Proposed Scheme
-4 s s s
107 2 4 6 8 10

p at the Receiver

Fig. 11  Effect of the error in SSPA parameter p.
10-1 -
w/o Compensation
sy, Theory |
e 4 Simulation
ey Theory
------- AWGN
102 N o w/ ML Det.
QL "3
§ w/ Compensation "\
= # of Tterations
[E ——1
o —a2
m 10-3 —o—3
—e—5
——9
32-sub-carrier-16QAM
| SSPA IBO=3 [dB] p=3
10 4 6 8 10 12 14
E}/N; [dB]

Fig. 12 Bit error rate performance of the proposed nonlinear
distortion compensator for SSPA.

Ep/No= # of Iterations

A——A

)
0

10

Bit Error Rate

-4

10 3 64 128 256
The Number of Sub-Carriers

Fig. 13 Bit error rate performance against the number of
sub-carriers.

sator agrees well with that of theoretical BER on the
ML detection as well as the QPSK case. In the 16 QAM
case, the proposed compensator can effectively compen-
sate for the BER degradation due to the nonlinear dis-
tortion as well as in the case of QPSK.

Figure 13 is the BER performance of the QPSK
system against the number of sub-carriers. The required
number of iterations increases as the number of sub-
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carriers increases, since the expected number of error
bits in the decoded sequence BO ig proportional to the
number of sub-carriers. However, the proposed compen-
sator is still effective when the number of sub-carriers is
up to 256.

7. Conclusions

In this paper, we have proposed a new nonlinear distor-
tion compensator based on maximum likelihood (ML)
detection for orthogonal multi-carrier modulated sig-
nals. To reduce the computational cost required for the
conventional ML detection, the proposed scheme em-
ploys a sub-optimum sequence estimation algorithm.

Theoretical analysis and computer simulation re-
sults show that the proposed scheme can compensate
for the performance degradation due to nonlinear dis-
tortion. Furthermore, applying the proposed scheme it-
eratively, we can obtain a more improvement in the BER
performance. The simulation results also show the pro-
posed scheme is insensitive to the nonlinear HPA model
error.

In this paper, we have only investigated the QPSK
and 16 QAM systems, and only for a SSPA, namely,
with no AM/PM conversion. In this sense, further in-
vestigations must be required using more sub-carriers
and other type of non-linear amplifier such as a travel-
ing wave tube amplifier (TWTA), namely, with AM/PM
conversion.
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