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Clipping Value Estimate for Iterative Tree Search
Detection

Jianping Zheng, Baoming Bai, and Ying Li

Abstract: The clipping value, defined as the log-likelihood ratio
(LLR) in the case wherein all the list of candidates have the same
binary value, is investigated, and an effective method to estimate
it is presented for iterative tree search detection. The basic princi-
ple behind the method is that the clipping value of a channel bit is
equal to the LLR of the maximum proebability of correct decision
of the bit to the corresponding probability of erroneous decision.
In conjunction with multilevel bit mappings, the clipping value can
be calculated with the parameters of the number of transmit an-
tennas, N,; number of bits per constellation point, M_; and vari-
ance of the channel noise, 02, per real dimension in the Rayleigh
fading channel. Analyses and simulations show that the bit error
performance of the proposed method is better than that of the con-
ventional fixed-value method.

Index Terms: Clipping value, iterative tree search (ITS), multi-
input multi-output (MIMO), multilevel bit mappings.

1. INTRODUCTION

It has been shown that under favorable circumstances such as
rapid channel fading, space-time bit-interleaved coded modula-
tion (ST-BICM) systems that employ turbo coding and iterative
processing at the receiver reach their ergodic multi-input multi-
output (MIMO) capacity limit [1]-{4]. To achieve the high-rate
potential in practice, low-complexity and high-performance soft
MIMO detection is vital. A soft-input soft-output MIMO detec-
tion scheme, referred to as the iterative tree search (ITS), was
introduced in reference {4]. When compared to the list variant
of the sphere decoder in reference {3}, the per-bit complexity of
ITS detection is constant, and it is asymptotically linear in the
number of transmit antennas, N;, and insensitive to the number
of bits per constellation point, M.

In ITS detection, the extrinsic information on the channel bits
is computed and expressed as a log-likelihood ratio (LLR), as in
reference [3].

> xennx+t exp(p(s))
Le(znk) =log 5 LOX7, O N(S)) ~Lg(znk). (1
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In this expression, § = [s1, S2,- - -, Sn, |  is the transmitted sym-
bol vector, z,, 1, denotes the kth bit mapped to s,,, L (% 1) de-
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Fig. 1. Mutual information I(Lg(z, 1);*n %) versus clipping value
Le(zp i), for diffenrent values of Pr(z, x Lr{zn k) > 0)-

notes the LLR expression of the a priori information of 2., 1, L
denotes the list of M candidate bit sequences, which is obtained
from the M-algorithm, and X %c and Xﬁ,]k are the sets of all pos-
sible bit sequences x for which z,,  is +1 and -1, respectively,
ie., Xflk = {X|zn,x = £1}. The metric u(s) in (1) is given by

N
ue) = sly—Hs + > Y Laeis) @

i=1 jeJ;

where H is the channel matrix, 2 is the variance of the channel
noise per real dimension, and J; = {j = 1,- - -, M|z, ; = +1}.

In (1), it is possible for all the bit sequences in L to have the
same binary value in some special positions, especially when
L is small. In such a case, Lg{x, ) i then assigned a nega-
tive or positive constant value (FL.). It was found that the per-
formance of ITS detection is sensitive to the magnitude of this
value. When the clipping value is significantly lower than the
optimal value, there would be a degrade in its error-correction
effectiveness, whereas when the clipping value is significantly
higher than the optimal value, it would result in error propaga-
tion.

Ideally, L, should be different for each channel bit ,, , such
that it maximizes the mutual information

I(Lp(znk); Tng) = 1 — E{logy(1 + e~ 2nsbeleni} (3)

which is dependent on the unknown probability that Lg(zy k)
has the correct sign, i.e., on the probability of correct deci-
sion of z, . Fig. 1 shows the curve of mutual information
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I(Lg(Zn,k); Zn,k) versus clipping value L.(z,, k) for different
values of Pr(z, s Lg(znx) > 0).

It is interesting to note that in Fig. 1, the mutual infor-
mation is maximum when the clipping value is equal to
the LLR of the indicated value of Pr(zyxLg(znx)>0)
to 1-Pr(zn s LE(Ts,5)>0). Note that the value of Pr(z, x
-LE(%n,x)>0) is the probability of correct decision of the chan-
nel bit z,, ;. On the basis of this observation, we infer that the
clipping value could be the LLR of the probability of correct
decision to the probability of erroneous decision. In particular,
in this paper, in conjunction with the multilevel bit mappings
and the statistic character of the MIMO Raleigh fading channel,
the clipping value is analytically tractable. Our method of esti-
mating the clipping value results in a better performance when
compared to the conventional fixed-value method.

Recently, a signal-to-noise ratio (SNR)-aware LLR clipping
(SLC) method has been proposed {5] and a clipping value es-
timate for mixed hard/soft output detection has been reported
[6]. Although the estimation of the clipping value in both the
methods is similar to that in our study, our method is different
from these methods from the aspect of conception and realiza-
tion. In particular, the list number, which is taken into account
in the SLC method, is not taken into account in our method. In
the SLC method, the clipping value is determined on the basis
of the instantaneous channel condition. However, in our method,
the clipping value is determined only from the statistic character
of the channel condition and on the basis of the assumption that
the detection at each layer is perfect, for which the list number is
not considered. Further, the criterion in reference [6] is to min-
imize the probability of error at the decoder output, whereas in
our study, the criterion is to maximize the mutual information.

II. CLIPPING VALUE ESTIMATE

The following notations are used throughout the paper. We
use boldface (e.g., A) to denote matrices and vectors. For a
matrix A, the variables AT, A, and A~ denote its trans-
pose, conjugate transpose, and inverse, respectively. The nota-
tion F(-) stands for the expectation of its argument.

1t is popular to model H as a random matrix with indepen-
dent and identically distributed (i.i.d.) zero-mean unit-variance
complex Gaussian entries, denoted by CA(0,1), in wireless
communications. For QR-decomposition of the channel matrix,
ie., H = QR, the elements of the upper triangular matrix R
are distributed independently according to r% ~ ¢(N; + 1 — 1)
and '7'1;3'12 ~ ¢(1) for i < j [7], where ¢(n) denotes the stan-
dard Gamma distribution with the density function f(z) =
eyt exp(—x) and T(n) denotes the Gamma function.
Note that from HYH = (QR)”"QR = R¥R through QR
decomposition and HZH = LL through Cholesky decom-
position, we have L = R in ITS detection. This implies that
Z~e(Ne+1—d)and E(12) = N, + 1 —i.

Subsequently, after a series of preprocessing steps, the input--
output relation of the MIMO channel can be written as follows
[4],

y=Ls+n €]

where § = L~H#Hy and h ~ CN(0,202I). In the ideal case

that there exists no error propagation between layers, ITS detec-
tion can be decomposed into a series of scalar decisions given
by

=1, N 5)
with §; = @; — fo;i 41 lik8k. Since l;; is real and positive, a
set of 2V; equations can be obtained from (5) as

Ui = lus; + 7,

Ry = liRs; + Ry, SY; = 15388+, i=1,--, Ny (6)
where R and $ denote the real and imaginary parts of a complex
quantity, respectively.

Let us denote the M,/2-dimensional vectors a; =
(@i[1],- -~ ai [Mc/2])" and b; = (b;[1],---,b; [M/2])T as
the binary representation of Rs; and Ss;, respectively, with
a; [t],b; [t] € {£1},t =1,--, M,./2. Then, (6) can be rewrit-
ten as

M./2 M, /2
Ry, = Z a; [k+Rn;, Syl = Z a; [k}4+Sni,i=1,-- Ny
k=1 k=1

; )
where §Ry; = §Ry~z/ L, %y; = C\\S‘gz/ liss §Rn; = %’FL@/ l;; and
Q) = 37, /lii. The standard deviation for both ®n; and Sn;
is ¢/ = o/l;;. Thus, the detection of the real and imaginary
parts will yield an identical bit error probability expression. In
the following equations, only the detection of the real part is
considered and the prefix R is omitted for notational simplicity.

Then, (7) can be expressed as

ik = a9~ 3226 ] | = au 8] +
i#k

®)
fork = 1,---,M./2,i = 1,---, N;. Here, n = nl/2M/2=k,
and d; [j] is the estimate of a; [j] from the preceding iteration.
We assume that the estimate is correct and has no error propa-
gation between layers, and this assumption becomes an asymp-
totic fact when the iteration converges. Then, (8) is an equiva-
lent binary phase-shift keying (BPSK) modulated additive white
Gaussian noise (AWGN) channel with unit amplitude and a
standard deviation of 0.5y = o/ /2Me/2=F = g /(2Me/2-F],).
Therefore, the bit error probability is Pr(a;[k], ) = Q(1/oesy)
[8] and the corresponding probability of correct decision is
Pr(a;[k],¢) = 1 — Q(1/0cys), where the Gaussian tail prob-
ability is Q(z) = = [, ° exp(—t2/2)dt.

Let us consider the probability of correct decisions to be
Pr(a; [k],c). It is easy to find that this probability is a in-
creasing function of I;;. Recall that I;; is real and positive and
2 ~ ¢(Ny + 1 —i). A suitable upper bound 3; of I2 should be
chosen such that the probability that the samples of [% are in the
region (0, $;) is high. Thus, §; can be chosen probabilistically
so that

Bi Bi 1 )
z)de = Nt exp(—z) dr = 1—€
| @i [ g™ eia)
®
where € < 1. Then lfi, i = Ng, -+, 1in (5)~(8) is to be replaced
with the corresponding j3; for calculating the clipping value.



ZHENG et al.: CLIPPING VALUE ESTIMATE FOR ITERATIVE TREE...

Table 1. Maximum probabilities of correct decision and corresponding
clipping values of channel bits from antennas 2t0 1ina 2 x 2
configuration with (upper) QPSK modulation and (lower) 16-QAM
modulation, respectively.

[ Eb/N() (dB) J PI’(.’IZ,’, C) | Lc I
1.5 0.9860.995 | 4.255.29
2.0 0.9900.997 | 4.605.81
25 0.9930.998 | 4.956.21
3.0 0.996 0.999 | 5.52 691
45 0.9880.994 | 4.415.11
5.0 0.991 0.996 | 4.705.52
55 0.9930.997 | 4.955.81
6.0 0.9950.998 | 5.296.21
6.5 0.9970.999 | 5.81 691

In ITS detection, each constellation point can be estimated
recursively with the aid of multilevel bit mappings. The es-
timate of s; is first made from sz(»l); it is, then, refined by
352), o ngc/z) until all M, bits are known with sM</2 = g,
Therefore, the probabilities of the M, bits are not independent
and we assume that all the M, bits x; ;,j = 1, - -, M have the
same probability of correct decision, shown below

Pr(xi,j, C) = Pr(x;, c) = (Pr(si’ c))MLC

M./2 o

= | I Pr(aslk], )Pr(bslk],c) | (10)
k=1

for k:l’...,Mc/2, 1=1,---, Ny

At the same time, the estimations of different constellation
points from different transmit antennas in ITS detection are mu-
tually independent. Recall that the mutual information reaches
its maximum value when the clipping value is equal to the
LLR of Pr(a:n,kLE(xn,k) > 0) tol — Pr(mkaE(xn,k) >
0), and the probability of correct decision is Pr(z, x,c) =
Pr{zn s Le(zn k) > 0). Therefore, the clipping values of the
channel bits in ITS detection can be calculated as

Pr(z; ;,c)

Le(%i,j) = Le(%:) = In ———7——
() (2:) = In 1 —-Pr(z; ,c)

an

forj=1,---,M./2,i=1, -, N
Tables 1 and 2 list the maximum probabilities of correct de-

cision and the corresponding clipping values of channel bits in

each transmit antenna for certain unique SNR regions in ITS
detection with N, = N; = 2 and N, = N, = 4, respectively.

Here, N, represents the number of receive antennas.

We conclude this section with the following remarks.

1) In the aforementioned derivation, we assume that there ex-
ists no error propagation between layers; this assumption is
true when the iteration converges. Further, in the initial it-
erations, the probability of correct decision is lower and the
probability of erroneous decision is higher when compared to
the corresponding probabilities when the iteration converges
as a result of error propagation, which makes the probability
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Table 2. Maximum probabilities of correct decision and corresponding
clipping values of channel bits from antennas 4to 1ina4 x 4
configuration with (upper) QPSK modulation and (lower) 16-QAM
modulation, respectively.

| Eb/No (dB) | PI‘(QZ’i, C) I Lc 1
1.5 0.9400.966 0.977 0.984 | 2.753.353.76 4.16
2.0 0.9500.9710.9820.988 | 2.923.574.03 4.45
2.5 0.9600.978 0.9870.992 | 3.18 3.804.33 4.82
3.0 0.968 0.983 0.991 0.995 | 3.404.064.73 5.25
5.0 0.963 0.977 0.985 0.989 | 3.253.754.184.45
5.5 0.9690.983 0.989 0.992 | 3.444.064.454.82
6.0 0.974 0.986 0.991 0.994 | 3.64 4.254.705.11
6.5 0.980 0.989 0.993 0.996 | 3.894.505.03 5.52
7.0 0.9840.992 0.996 0.997 | 4.124.825.525.81

that either of the two sets L) Xrﬂg or LN X;}c is empty
close to zero when the list number M in ITS detection is suf-
ficiently large. Therefore, the performance degradation due
to the use of the clipping values from (11) in initial iterations
is negligible.

2) The calculation of the clipping value in (11) does not take the
list number M into account. This is because, in our method,
perfect detection at each layer is assumed, and this assump-
tion is especiaily true when the list number M is large. In fact,
the simulation results show that the effect of M on the clip-
ping value is insignificant and hence can be neglected even if
M is moderate, e.g., M = 32 in the 4 x 4 MIMO system.

3) €is an important parameter for estimating the clipping value,
and its value is to be carefully computed. A significantly
higher value will result in a decrease in the probability that
the samples of /% are lower than (3; and degrade the effect
of clipping value as the peak value, whereas a significantly
lower value will result in a false upper bound and an imprac-
tically high clipping value. Unfortunately, a method to com-
pute the optimal value of € has not yet been developed. In our
simulations, we set € = 0.001, which shows a good perfor-
mance. We do not have a good explanation for choosing this
value of ¢, and leave this as an open problem.

4) Note that the clipping values remain constant at a certain
value of the SNR. Therefore, the additional complexity intro-
duced by the calculation of the clipping value is negligible
when compared to the global complexity.

III. SIMULATION RESULTS

We assume the channel to be fast fading, with the elements
of the channel being chosen from a rich-scattering Rayleigh
MIMO model. The channel code is a turbo code of rate B =
1/2, with feedforward and feedback generators 5 and 7 (in oc-
tal notation), respectively. Frames of 9216 information bits are
fed to the turbo encoder. There are four iterations in the detec-
tor/decoder loop and eight iterations in the turbo decoder. All
interleavers are pseudorandom, and no attempt was made to op-
timize their design.
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Fig. 2. Error performance of a 2 x 2 ST-BICM MIMO system employing  Fig. 4. Error performance of an 8 x 8 ST-BICM MIMO system employing

ITS detection with M = 32 and clipping values from (11). Channel
code is a turbo code of rate 1/2 and memory 2. Performance with

L. = 3 is shown as a reference.
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Fig. 3. Error performance of a 4 x 4 ST-BICM MIMO system employing
ITS detection with M = 32 and clipping values from (11). Channel

code is a turbo code of rate 1/2 and memory 2. Performance with
L. = 3 is shown as a reference.

The SNR is defined as
Ey  NE,
No ~ 202RM, (12)

where E; is the average signal energy for each transmit PSK or
QAM constellation symbol.

Figs. 2 and 3 show the simulated bit error rate (BER) perfor-
mance for 2 x 2 and 4x 4 channels, respectively, with ITS detec-
tion and M = 32. Results for both the cases of QPSK and 16-
QAM modulations are given. The simulated performance with a
fixed clipping value of L, = 3 from reference [4] is also shown
as areference. Itis obvious from the figures that the performance
of our method is better when compared to that of the fixed-value
method.

In Fig. 4, the channel code is a turbo code of rate R = 3/4
and memory 2 (a punctured version of the code of rate R = 1/2

ITS detection with A = 64 and clipping values from (11). Channel
code is a turbo code of rate 3/4 and memory 2. Performance with
L. = 3 is shown as a reference.

—8— Lc=3, M=16

L-e=0nm=t6
107} —— Lc=3, M=32
- B =(11), M=32
et | (3, M=64
=¥ = (11), M=64

5 55
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Fig. 5. Error performance of a 4 x 4 ST-BICM MIMO system employing
ITS detection with M = 16, 32,64 and clipping values from (11).
Channel code is a turbo code of rate 1/2 and memory 2, and 16-

QAM constellation is used. Performance with L. = 3 is shown as a
reference.

used in the previous examples), and this results in a considerably
high spectral efficiency of RN;:M, = 36 bits per channel use
(64-QAM on an 8 x 8 channel) with ITS detection and M = 64.
It is easy to find that, in this case, our method still has a perfor-
mance gain compared to the fixed-valued method.

Fig. 5 shows the performance curves of our method for dif-
ferent list number M. In this simulation, we consider the 4 x 4
channel and 16-QAM modulation, From this figure, it can be
seen that our method is only effective when the list number is
moderate to large, e.g., M = 32 or 64 in this case. When the list
number is small, e.g., M = 16, the performance of our method
is worsen than that of the fixed-value method. This can be ex-
plained by the fact that our method is based on the assumption
of perfect detection at each layer; however, this assumption is

not true when the list number is small.
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IV. CONCLUSION

An effective method for estimating the clipping value for ITS
detection is proposed. This method is based on the principle that
the clipping value of a channel bit is equal to the LLR of the
maximum probability of correct decision of the bit to the cor-
responding probability of erroneous decision. Computer sim-
ulations are carried out, and the results confirm that the pro-
posed method is more effective than the conventional fixed-
value method.
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