This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2015.2501242, IEEE
Transactions on Vehicular Technology

1

On the Sum-Rate of BICM-ID Transmission Over
Vector-Perturbation Precoding in Multi-User
Downlink

Sanjeewa P. Heratlgtudent Member, IEEE, Duy H. N. Nguyen ,Member, IEEE, Nghi H. Tran,Member, |EEE,
and Tho Le-NgocFelow, |IEEE

Abstract—This paper proposes a channel code for vector- only serves as a theoretical benchmark performance criterion.
perturbation (VP) precoded transmission in multi-user downlink  The combination of a suitable channel code such as turbo
and examines its achievable sum-rate performance. In particular, or turbo-like codes over non-linear vector-perturbation (VP)

we first find the most suitable outer convolutional code for VP di has b idered listic alt i
precoded transmission under bit-interleaved coded-modulation P'€C0UING has been considered as a more realisuc alternatve

with iterative decoding (BICM-ID) by applying a semi-analytic 0 DPC approach [8]-[12]. Different from these works, this
technique based on extrinsic information transfer charts. We then paper studies VP precoded transmission under the BICM-ID
study the achievable sum-rate of the proposed BICM-ID based framework and compares the achievable sum-rate performance
VP precoded system and compare it with the sum-capacity of 4t {he proposed system against the DPC benchmark.
dirty paper coding (DPC) sch_eme. Our investigation shows that In VP precoding, there are typically two approaches: con-
under perfect channel state information (CSl), the sum-rate of . v :
the proposed system grows linearly over the number of users, Ventional VP and minimum mean-squared error VP (MMSE-
which is the same growth of the DPC. Under quantized CSl and VP). In conventional VP, for a given linear precoder, a
finite-rate feedback, a linear increase in feedback overhead per perturbation vectow is added to user data symbol vector
user is necessary to maintain such a linear sum-rate growth.  ¢\,ch that the power scaling factor, denoted,ais minimized
Index Terms—Bit interleaved coded modulation, iterative de- [7], [10], [13]. In MMSE-VP, the both perturbation vecter
coding, vector-perturbation, multi-user downlink, MIMO precod-  and the precoder are jointly optimized to minimize the end-
ing, non-linear precoding, EXIT chart, multi-user MIMO to-end mean-squared-error [9]-[12]. While the conventional
VP aims to improve the signal-to-noise ratio (SNR) for users,
I. INTRODUCTION the MMSE-VP pursues a balance between the residual in-
terference mitigation and the noise enhancement suppression
Bit-interleaved coded-modulation with iterative decodingll]' [12]. As a result, MMSE-VP precoded (uncoded) system
(BICM-ID) is a bandwidth-efficient coded-modulation techis shown to have better bit error rate (BER) performance
nique that enables point-to-point single-input single-outpyian the conventional VP, Tomlinson-Harashima, zero-forcing
and multiple-input multiple-output systems to operate Ne@FF) and regularized-ZF precoding schemes [7], [9]-[11], [13].
their capacity limits [1]-[3]. On the other hand, the studie§owever, to the best of our knowledge, a suitable channel
for BICM-ID in point-to-multipoint transmissions, such as;ode for the VP precoded system and its achievable sum-rate
multi-user downlink, are very limited in literature and itsperformance are not thoroughly investigated.
performance is not well-known. This observation motivates us |, general, the analysis of VP precoding sum-rate in con-
to investigate the implementation and performance of BICMnction with a channel code is difficult due to the following
ID .transmlssmns for such a multl—.user. trgnsmlssmn ;cenar@asons: (iyy is intractable in closed-form, (ii) the analytical
It is well-known that the capacity limit of a multi-usercomplexity originating from channel and user data dependent
downlink system is achievable by dirty-paper coding (DPG) ang (jii) analytical intractability because of non-Gaussian
[4], [5]. The sum-capacity of multi-user downlink achievableygise (originate from modulo operation at user receivers)
by DPC shows a linear growth with the minimum of th&13] Under channel state information (CSI) error, one has to
number of base-station (BS) antennésand the number of gea| with additional challenge originated from the correlation
single-antenna userk, i.e., min(M, K) [6], [7]. However, penyeen desired signal and multi-user interference that include
DPC is too complex for practical implementation and thU§pin , and v. Previous studies [14]-[16] focus on sum-
. . . __rate under perfect CSI and are based on+hlewer bound
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we first develop a semi-analytic technique based on extrinsioise (AWGN)n; € C andn; ~ CN(0, Ny). We consider
information transfer (EXIT) charts [1], [17], [18]. Focusing orspatially uncorrelated Rayleigh fading environment, i.e., the
the coded transmission for VP precoded system, we then fieléments ofh; are independent and identically distributed
the most suitable outer convolutional code (CC) under BICMki.d.) CN(0,1).

ID. Next, we investigate the achievable sum-rate of a fully In MMSE-VP, W, v, and~ are sequentially determined as
loaded system where a BS wiftf antennas serve&™ single- follows [11], [19]:

antenna users with/ = K. We compare the SNR necessary

_ gH H -1
to reach a sufficiently low BER against the DPC limit for a W =H"(HH" + KpI) ", (32)
given number of userd(, a finite constellation modulation v = arg min||L(u + 79) |, (3b)
and the proposed channel code. As BER simulations are time ) . ”H H 2
consuming, and the computational complexity increases with 7 =P d"H (H H + KPI) H"d. (3¢)
higher K, the error performance behavior is also investigatqqiere, H = [hi,ho, -, hg]", P is the BS instantaneous

through the developed EXIT chart based technique. Our invegsyer constraint, ie]z|? < P, p = P/N, is the SNR,
tigation reveals that MMSE-VP precoding under the propos%%d LML (HHH i Kp})—l found by the Cholesky

channel code achieves a linear growth In sum-rate &ved a decomposition. The integer-lattice least-square problem to find
much lower SNR compared to conventional VP when perfect

. . in (3b) can efficiently be solved via sphere encoder algorithm
CSI available at the BS. With imperfect CSI knowledge duvi [(10]) [11] clenty vedvia sp gon
tq limited feedbgck, we show that a !megr growth in feedpa The received signay; at thei™ user can be modeled as
bits (per user) is necessary to maintain the sum-rate linear
growth. For ease of reference, a list of contributions is given yi = v (ug + ;) + 1 (4)

below: 3 . . . . .
wheren; contains both receiver noise and interference intro-

» With perfefct CS| feedbgcl;, the mqst _suitable Csz (ijgaﬁced by the regularization coefficieRtpI in W. 7 is chosen
BICM'ID or VP precode transm|s§|ons are found by, provide symmetric decoding regions around constellation
usn;g an EX.IT ch.art _based]c ftelfh?lqléea The sum-rafgyinis and the choice — 2(|clmax + A/2), where |¢|max
per ormanﬁe |n\;]est|%at|ons of 1ully loa ehsystemi(l.qs the absolute value of the largest magnitude constellation
M = K) show that the pfoposed approach can achieVesgy | andA is the spacing between constellation points,
linear sum-rate growth with the number of single-anten rves this purpose [7]. With this choice fey each user is
users. , able to apply the modulo functiofy. /. (.) ony; independently

« To preserve the linear sum-rate growth of the proposec ., without cooperation among users) and to eliminate the
system under quantized CSI feedback, at least, a Iln%q{ect of unknownu; where f,(a) £ a — [(a +7/2)/7]
increase in the number of feedback bits per user Fere |.] denotes the largest integer less than or equal to its
necessary. argument [7]. Because of the multi-user interferencenjn

and the application of modulo functiofy /(.), the resulting
Il. SYSTEM MODEL “effective” noise can no-longer be considered Gaussian. Thus,
By using a suitable channel encoder which will be detetbe likelihood ofy; = f. . (v:) is computed similar to [7]:
mined later, the™ user information bit stream is first encoded 0o ( ) 2
U; — MT
— ) - (5
Y

to produce a transmission frame. Each groumefnumber of = 4(y;|u;) = Z 1 exp L
coded bits ofi™ user are mapped into a constellation symbol me=—ne ™o No

u; such as QPSK or QAM, of siz™< using an appropriate |, -, tations, the infinite summation over is truncated
mapping rules. In a given symbol period, the VP precoding i, 5 5m of few terms from both sidesf = 0. The bit-wise
performed on the user dataKsylmboI veaioior K" Users Where iy 1o ratio is computed using (5) and the bit-mapping rule
u = [u,ug, - ,ug]' € C**L Particularly, consider sym- —
bol vectord = [dy,ds,--- ,dx]’ € CE*! constructed from
u and perturbation vectas = [vy, v, -+ ,vg] T € CE*1:

Yi —

Since our comparisons are done with the ergodic sum-
capacity, we allowH to be chosen randomly with every use.
d=u-+71v (1) This randomly chosen effect can be obtained on a smoothly

) N ) varying channel by using an interleaver over a long block of
where T is a positive scalary is chosen to be a complexmany consecutive channel uses.

Gaussian integer vector, i.e., the elementsvofire in the
set {a + jbla,b € Z}. d is precoded by the precoder

matrix W € CM*K to produce precoded symbol vector I1l. CODED TRANSMISSION OVERVP PRECODING
x = [r1,29,-- ,xn] € CM¥ e, Although the sum-capacity of DPC grows linearly wita
z=~"'Wd @) whenM = K, the sum-rate of linear ZF precoding saturates to

a constant even if the idealistic Gaussian codebook is used [6].
where scaling factory(> 0) is chosen to satisfy the BSThis motivates one to investigate the sum-rate of non-linear
power constraint [7], [10]-[12]. Each single-antenna user, s& precoding. As aforementioned, the analysis of VP sum-
the i" user, receives the signai € C over the channel rate is non-trivial, even for Gaussian or continuous uniform
h; € CM*! contaminated by the additive white Gaussiadistributed inputs. Suitable channel coding for VP precoded
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transmission and its achievable sum-rate performance is r 0.651 _ -
realistic and can be significantly different from idealistic Gau ISR
sian codebook and uniform inputs assumptions. We there —A— ZF-VP, An;i—Gra'y,p=9.0dB
first find a good channel code for VP precoding and tt 0.8 —=— zF-VP, Gray, p=9.0dB
estimate the achievable sum-rate as follows.

Given that all K users encode by using code-rateen-
coders and encoded bits are mapped taabit constellation
symbols, the achievable sum-rai&p is given by

Rvp = m.rK (bls/Hz) (6)

To find Ryp, the minimum SNR required to achieve a give
small BER is compared against DPC limit. For a givi
channel code, performing BER simulations is time consumi
and the computational complexity increases with higher
Alternatively, we predict the waterfall region of BER curves 0.4, 02 0z 06 0B 1
so-called turbo pinch-off through EXIT charts [18] and veri [

them via BER simulations.

Al

Fig. 2: Demodulator EXIT curves for BICM-ID transmission

o . over MMSE-VP and conventional VP precoded systems with
A. BICM-ID Transmission over VP PreCOd|ng r = 1/2 CC and different mapp|ng rules

BICM-ID is a bandwidth efficient channel coding scheme
that can achieve a close-capacity performance under fading . lar. both £ the d aul d th
and AWGN environments. Here, we find a good CC in BICMI-n particular, both EXIT curves of the demodulator and the

ID transmission combined with VP precoding and show thﬁFCOder are plotted in the same graph, but the axes of the

the proposed scheme can achieve a linear growth in sum- @goder curve are swapped. When there is a tunne! opening
between the EXIT curves, it allows for convergence of iterative

which is the same as sum-capacity growth of DPC. ; . .
%ecodmg towards a low BER [18]. Using this EXIT chart

The proposed system is shown in Fig. 1. The informatio

sequence of" users, is first encoded using a CC into atechnlque, the most suitable CC can be found. Moreover, this

coded sequence. Theng; is interleaved by a bit-interleavertecm,]ique Is useful to study the turbo pinch—qff by avoiding
1 to become the interleaved sequerigeEach group ofin. the time consuming BER Monte-Carlo simulations.
bits in ¢, is mapped ta:; according to a mapping rulg. As . )
described in Section Il, VP precoding is then performed. & Code design using EXIT charts
the receiver, as depicted in Fig. 1 and described in Sectionn this subsection, we find a good channel code for proposed
I, y; is demodulated and decoded in an iterative manner. TH® based system through EXIT chart matching. Fig. 2 shows
receiver consists of a soft-output demodulator that follows tXIT curves of the demodulator for Gray and anti-Gray
maximum a posteriori probability algorithm and a soft-inputnapping rules forr = 1/2. One observes that the EXIT
soft-output (SISO) channel decoder that uses the maximunewrve with Gray mapping is completely horizontal. This makes
posteriori probability algorithm in [20]. Gray mapping is a good match with powerful turbo-like codes,
Let 14, denote the mutual information between the a priobecause EXIT curves of these codes are also almost horizontal.
log-likelihood ratio and the transmitted coded bit ang, On the other hand, EXIT curves of anti-Gray mappings have
denote the mutual information between the extrinsic loglopes, which make them suitable for other class of codes
likelihood ratio and the transmitted coded bit at the input arthving a decayed EXIT curve such as CC.
output of the demodulator. The demodulator EXIT character-Our objective is to find the most suitable = 1/2 CC
istic I, is then obtained as a function 6f, and SNR. These from the maximum-free-distance CCs reported in [21]. Fig.
mutual-information can be calculated efficiently by Monte3 shows the EXIT curves of demodulator and two selected
Carlo experiments [18]. Similarly, lef4, and Iz, be the CC decoders: i)53,75] and ii) [21675,27123]. We observe
mutual information representing the a priori knowledge and tlleat the EXIT curves of th¢3,75] CC decoder and demod-
extrinsic information of the coded bits at the input and outputator quickly intersect and the intersection point falls in the
of the SISO decoder. The decoder EXIT characteristicis lower left quadrant of the EXIT plane. On the other hand,
found as a function of 4,. Note that because of the presencthere is a narrow tunnel opening between the EXIT curves
of the interleaverIl, this value does not depend on SNRallowing convergence of iterative decoding towards low BER
After being de-interleaved bii—!, the extrinsic output of the for [21675,27123] CC decoder and demodulator [18]. This
detector is used as the a priori input to the decoder, that ligsult predicts that fof21675,27123] CC, the turbo pinch-
14, = Ig,. Furthermore, after being interleaved, the extrinsiaff happens for MMSE-VP and ZF-VP (i.e., conventional VP
information of the decoder becomes the a priori informationith ZF precoder) at SNRg = 4.0 dB andp = 9.0 dB,
to be provided to the demodulator, that 54, = Ig,. respectively. As SNR increases, the tunnel opening widens and
The convergence behavior of the iterative processing can dmnsequently, iterative decoding convergence faster leading
studied using the demodulator and the decoder EXIT curvés. early termination and small BER levels [18]. To verify
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Fig. 1. System model: BICM-ID transmission over VP precoding
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Fig. 3: EXIT chart of demodulator with = 1/2 CC decoder
for BICM-ID transmission over MMSE-VP and conventiona
VP precoded systems withl = K =4

ig. 4: BER performance of = 1/2 BICM-ID and TC
ransmissions over MMSE-VP and conventional VP (Reg ZF-
VP and ZF-VP) precoded systems witlhi = K = 4

this prediction, we plot the respective BER curves in Fig. 4

for 12000-bit random interleaver. We observe that the EXIPprecoding with Gaussian codebook. It should be emphasized
chart predicted turbo pinch-off SNRs match well with BERhat the achievable sum-rate of the proposed VP precoding
curves. For comparison, BER performance of rate-iytbo based system is realistic because of the use of practical channel
code (TC) and the DPC limit of sum-capacityb/s/Hz with coding with finite constellation modulation.

M = K = 4 are depicted. Similar to [7], rate-1/2C is We first study the convergence behavior of iterative pro-
constructed from the rate-1/parent code with systematiccessing through EXIT charts and predict the turbo pintch-off
component, feedforward polynomial+ D + D3, feedback region. Fig. 5 depicts demodulator EXIT curvesat 4.0 dB
polynomial 1 + D? + D* and using the non-systematic bitfor varying K along withr = 1/2 CC [21675, 27123] decoder
puncturing pattern10},[01]. The MMSE-VPM = K = 4 EXIT curve. The results in Fig. 5 show that demodulator EXIT
(i.e., Rvp = 4 bIs/Hz (cf. (6))) with BICM-ID achieves a curves almost overlap for differert” and match well with
BER=10"* about4.5 dB SNR away from DPC limit and the decoder EXIT curve. Therefore, the turbo pinch-off for All
SNR gains are significant compared to conventional VP witlalues happens approximately @t= 4.0 dB. To verify this
regularized-ZF (Reg ZF-VP) considered in [7]. Moreover, bgrediction, Fig. 6 plots the BER simulations for varioks
considering EXIT chart convergence properties for differentilues. We observe that BER curves in Fig. 6 almost coincide,
K, one can predict the turbo pinch-off to compare with th&hich confirms the prediction from Fig. 5. We have-§AM

DPC limit without performing BER simulations. (m. = 2) system along with the rate/2 CC (r = 1/2) and
therefore, from (6),Rvp = K b/s/Hz. To compare, we plot
IV. SUM-RATE PERFORMANCE the DPC sum-capacity ovek at p = 4.0 dB along with ZF

Here, by using the EXIT chart technique, the achievable rgieecoding (Gaussian codebook) in Fig. 7. Observe that, due
of proposed system is compared against DPC limit and Z& the ill-conditioned channel, the sum-rate of ZF precoding
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Fig. 5: EXIT chart of demodulator and decoder for differerftig- 7: Sum-rate performance of BICM-ID transmission over
number of serving user&’ MMSE-VP precoded system for different number of serving

usersK with M = K

A. Impact of CS Error on the Performance

In practice, it is difficult to obtain perfect knowledge about
H due to errors. We model

H=H+AH (7)

Bit error rate

where the base-station knows only and the elements in
channel error matrixA H are i.i.d. CN'(0,02). Note that

o? = 0 corresponds to perfect CSI scenario. When this model
represents CSI quantization, a rate-distortion theory based
codebook of siz&”? is used whereB = M log,(1/02). Thus,

per user feedback overheadAsbits.

5

35 4 45 5 55 From the developed EXIT chart based analysis, the VP sum-
rate under CSI error can also be investigated. The MMSE-

Fig. 6: BER performance of = 1/2 BICM-ID transmission vp precoderW = H" [ﬁ-IfIH T K(p+ 03)1]—1 which
over MMSE-VP precoded system for different number afan effectively tolerate CSI errors is used [8], [19]. Using
serving userss with M = K the model given in (7), we have investigated the convergence

properties through EXIT charts and BER performance for the

proposed BICM-ID with ther = 1/2 CC and MMSE-VP.
saturates to a constant at large valueskofwhen M = K At a given o2, we observe in simulations that EXIT curves
[6]. This saturation at an asymptotically higti and M, i.e., overlap almost at the same SNR value. Therefore, turbo pinch-
K — oo and M — oo in the fixed ratioM/K = 1, can off under CSI error also happens at the same SNR. These
be approximated by, = plog,(e) b/s/Hz [6] and depicted results are similar to the ones illustrated in Figs. 5 and 7 for
in Fig. 7 for comparison. We have also investigatedt 1/3 the case of perfect CSlI, but at a higher pinch-off SNR. The
system and the turbo pinch-off at = 0.7 dB is observed turbo pinch-off SNR foro? = 0,276 275 24 273 values
through both EXIT charts and BER curves similar to Figs. Bappen respectively at0, 4.3, 4.7, 5.5, 6.5 dB SNR levels.
and 6. As a result, a linear growth &p = 2K/3 b/s/Hz is Clearly, the more imperfect the CSl is, the higher the pinch-
achieved. We have also performed the analysis for BICM-18ff SNR is to compensate for this imperfection. Similar to the
with the » = 1/2 CC in conjunction with ZF-VP precoding case of perfect CSl in Fig. 7, a linear growth in sum-rate over
and compared with the bounds presented in [13], [16]. TH€ is achievable for imperfect CSI as long&$is invariant to
results indicate a linear growth in sum-rate at= 9.0 dB. K. As we consider fully loaded system witif = K and the
These results show that the VP precoding achieves a linéaedback load per user 8 = M log,(1/02), a linear growth
growth of sum-rate under practical channel coding with finite feedback overhead (per user) is required to maintain a linear
constellation which is the same as DPC transmission. growth in sum-rate under the imperfect CSI.

10
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V. CONCLUSION

We investigate a suitable BICM-ID transmission for VP
precoded system in a fully loaded multi-user downlink with[g]
M = K. First, by developing a semi-analytic EXIT chart
based technique, the most suitable outer CC under BICM-[Q]
is found for VP precoded transmission. We then investigate
the sum-rate performance of the proposed channel code for
VP precoded system. It is shown that, over the number Hﬁ
serving users, the BICM-ID based VP precoded transmission
can achieve the same linear growth of capacity achieving DPC
scheme but at a much lower SNR compared to conventiofigt
VP. Under limited CSI feedback, the results indicate that a
linear growth in the feedback load per user is necessary (18l
maintain the linear growth of the sum-rate.

(8]
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