University of Wollongong

Research Online

Faculty of Engineering and Information Faculty of Engineering and Information
Sciences - Papers: Part A Sciences
1-1-2014

On the efficient channel state information compression and feedback for
downlink MIMO-OFDM systems

Yong Ping Zhang
Huawei Technologies Company, yongping.zhang@huawei.com

Peng Wang
University of Sydney

Shulan Feng
Huawei Technologies Company

Philipp Zhang
Huawei Technologies Company

Sheng Tong
University of Wollongong, sheng@uow.edu.au

Follow this and additional works at: https://ro.uow.edu.au/eispapers

Cf Part of the Engineering Commons, and the Science and Technology Studies Commons

Recommended Citation

Zhang, Yong Ping; Wang, Peng; Feng, Shulan; Zhang, Philipp; and Tong, Sheng, "On the efficient channel
state information compression and feedback for downlink MIMO-OFDM systems" (2014). Faculty of
Engineering and Information Sciences - Papers: Part A. 3339.

https://ro.uow.edu.au/eispapers/3339

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au


https://ro.uow.edu.au/
https://ro.uow.edu.au/eispapers
https://ro.uow.edu.au/eispapers
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/eispapers?utm_source=ro.uow.edu.au%2Feispapers%2F3339&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/217?utm_source=ro.uow.edu.au%2Feispapers%2F3339&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/435?utm_source=ro.uow.edu.au%2Feispapers%2F3339&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ro.uow.edu.au/eispapers/3339?utm_source=ro.uow.edu.au%2Feispapers%2F3339&utm_medium=PDF&utm_campaign=PDFCoverPages

On the efficient channel state information compression and feedback for
downlink MIMO-OFDM systems

Abstract

This paper is concerned with the efficient compression and feedback of channel state information (CSI) in
downlink multiple-input multiple-output (MIMO) orthogonal frequency-division multiplexing (OFDM)
systems. Inspired by video coding, we propose a novel CSI compression and feedback scheme, referred
to as hybrid transform coding (HTC). HTC consists of two coding types, i.e., selective time-domain coding
(STDC) and differential time-domain coding (DTDC), which are adopted to exploit the correlation of CSl in
both the frequency and time domains. We first develop closed-form expressions for the overhead-
distortion performance of these two coding types in HTC. The parameters involved in HTC are then
optimized based on the analytical results. Finally, the system-level performance of HTC is evaluated in
both maximum eigenmode beamforming (MEB)-based single-user MIMO (SU-MIMO) and zero-forcing
beamforming (ZFBF)-based multiuser MIMO (MU-MIMO) under Long Term Evolution Advanced (LTE-A)
Release 10-based cellular networks. Simulation results show that HTC can significantly outperform the
available alternative.
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On the Efficient Channel State Information
Compression and Feedback for Downlink
MIMO-OFDM Systems

Yong-Ping ZhangMember, IEEE, Peng WangMember, IEEE, Shulan FengMember, |EEE,
Philipp Zhang,Member, IEEE, and Sheng Tong,

Abstract—This paper is concerned with the efficient com- wireless environments, the feedback link capacity is atway
pression and feedback of channel state information (CSI) in |imited. The infinite feedback of CSI to the BS is generally
downlink multiple-input multiple-output (MIMO) orthogon al  jyh5ssible. Hence the overhead of the feedback CSI that

frequency division multiplexing (OFDM) systems. Inspired by )
video coding, we propose a novel CSI compression and feediac guarantees an acceptable CSI accuracy at the BS is always

scheme, referred to as hybrid transform coding (HTC). HTC & Serious concern.

consists of two coding types, i.e., selective time-domairoding Recently, a family of CSI compression schemes based on
(STDC) and differential time-domain coding (DTDC), which are  directional quantization have been intensively investdd4],
adopted to exploit the correlation of CSI in both the frequerty 51 The directions of the channel vectors are recognized as
and time domains. We first develop closed-form expressions . . . .

for the overhead-distortion performance of these two codig the mpst .|mp0rtant |nformat|_or) and are quam'zed, bY a vector
types in HTC. The parameters involved in HTC are then guantization codebook consisting of unit vectors distebon
optimized based on the analytical results. Finally, the syem level a multi-dimensional complex sphere. In [6], accurate baund
performance of HTC is evaluated in both maximum eigenmode on the achievable ergodic rate of a zero-forcing beamfogmin
beamforming (MEB) based single-user MIMO (SU-MIMO) and (7gFy hased system with directional quantization areveei

zeroforcing beamforming (ZFBF) based multi-user MIMO (MU- .
MIMO) under Long-Term Evolution-Advanced (LTE-A) Release The abovementioned research efforts only focus on the CSI

10 based cellular networks. Simulation results show that HT ~compression in frequency flat fading channels. As a funda-
can significantly outperform the available alternative. mental technique for the high speed wireless transmission,

Index Terms—Channel state information (CSI), multiple-input ~ ©rthogonal frequency division multiplexing (OFDM) has bee
multiple-output (MIMO), orthogonal frequency division mu Iti- adopted for transmission over frequency selective charinel

plexing (OFDM), hybrid transform coding (HTC). current and next generation wireless standards such as IEEE
802.16 [7] and Long-Term Evolution-Advanced (LTE-A) [8].
|. INTRODUCTION In [9], a time-domain coding (TDC) scheme is proposed for

CSI compression of OFDM systems over frequency selective

The multiple-input multiple-output (MIMO) technique has . . )
been widelypstudlioed in thz past F:wo decades [1]_[(2] due ?gannels. This scheme achieves satisfactory performayce b

its capability of significantly improving the system specir exploiting the correlation among different sub-carriddew-
efficiency. Channel state information (CSI) fed back fromi €" it does not take any advantage of the channel cooelati

- ; : . 1p the time domain.
user equipments (UEs) plays an important role in downlidlR ™€ .
MIMO systems operating in the frequency-division duplex Enlightened by TDC, we develop a novel CS| compression

(FDD) mode. With CSI at the base station (BS), the syste d feedback scheme, referred to as hybrid transform coding

performance can be enhanced by adaptively customizing TC) in this paper, for downlink MIMO-OFDM systems.

. ; C consists of two coding types, i.e., selective time-doma
transmitted waveforms to the channel, enabling channakraw " - . P : .
scheduling for multiple UEs, and so on. However, in prattic oding (STDC) and differential time-domain coding (DTDC).
' ' hese two coding types follow the idea of TDC and compress
Copyright (c) 2013 IEEE. Personal use of this material ismiged. the CSI in the time domain directly so as to take full advaetag

However, permission to use this material for any other psgpomust be of the CSI correlation in the frequency domain. The key
obtained from the IEEE by sending a request to pubs-peronis@ieee.org.

This work was partly supported by NSFC Grand 61001130. feature distinguishing them from TDC is that they induceles
The material in this paper was presented in part at the IEE&rational overhead by selecting only a part of most significant taps
Conference on Communications (ICC), Kyoto, Japan, Junk] 20 for compression. In addition, DTDC can further exploit the

Yong-Ping Zhang and Shulan Feng are with the Research Degpatrt . . . . .
of Hisilicon, Huawei Technologies Co., Ltd, Beijing, P. Rhi@a (e-mail: CSI correlation in the time domain by only compressing the

yongping.zhang@huawei.com; shulan.feng@huawei.com). difference between adjacent available CSI. The correspgnd
Peng Wang is with the School of Electrical and Informationcompression efficiency could be very high in the low velocity
Engineering, the University of Sydney, Sydney, Australi@-ntail: . . . .
peng.wang@sydney.edu.au). scenario. We first derive the closed-form expressions fer th
Philipp Zhang is with the Research Department of Hisiligdnawei Tech- overhead-distortion performance of each coding type,dbase
nologies Co., Ltd, Plano, Texas, USA (e-mail: philipp.zp@huawei.com). —\vhich the parameter settings of HTC are optimized. Finally,
Sheng Tong is with the School of Electrical, Computer andeda@inmu- h lidi fHTC i | 1d wirel . i
nications Engineering, University of Wollongong, NSW, Aagia (email: LN vali ity or In real-world wireless environments kit
sheng@uow.edu.au). practical settings (such as UE selection, feedback delay an
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hybrid automatic repeat request (HARQ)) is verified by systecaused by the multi-path effect of the channel. In practice,
level simulations based on LTE-A Release 10. Numerichis)(n) always contains a small number (denoted bybe-
results show that HTC significantly outperforms the avddablow) of non-zero taps with their delay indexes denoted by

alternative. {k®|1=0,1,---,L —1}. These non-zero taps are common-
ly assumed to be mutually independent, complex Gaussian
Il. SYSTEM MODEL random variables with zero means and power delay profile
Consider a downlink MIMO-OFDM system containing ond11] (03,07, -+ ,07 _,) where

N-antenna BS and/ single-antenna UEs. In the time domain, A 9

the channel is modelled to be block fading, i.e., the channel of =E (‘h(s)(k(l),n)‘ ) , 1=0,1,---,L-1 (4
remains unchanged within each block and varies from block

to block. This time-domain channel can be converted infnd E-) is the ensemble average operator. Their average total
a set of K parallel subcarriers in the frequency domain vigower is assumed to be normalized, i85 o7 = 1.
discrete Fourier transform (DFT). More specifically, at thBue to the close placement of antennas at the BS in most
s-th block, the CSI for the links from the BS to Um Wireless systems, we assume tist remains the same for

(m = 0,1,---,M — 1), which is assumed perfectly knownall links between the BS and each UE and known at both
at UE m, is given by sides. We further assume thgt(®)|l = 0,1,--- ,L — 1} are
(5) (5) the same for all théV links of each UE. Note that the above
Hm'(0,0) -+ Hp' (O,N —1) assumptions have been widely adopted in well-known channel
HE) = : : (1) models including 3rd Generation Partnership Project (3GPP
() pr o _ spatial channel model (SCM) [14].

Hp (K —1,0) Hp' (K =1,N —1) The time-domain correlation of the channel can be described
where each entry,H,(,f)(k n) (k = 0, K — 1,n = by the first-order autoregressive model (AR1) [10]. Under th
0,-- N —1) representé the CSI for the link from the assumption that the CSI varies every block, we have
th BS_ anf[enna to _then-t_h UE on _thek-th subcarr_ier. Our h(s)(k(l),n) — p,h(s—l)(k(l)’n)Jr /1 —p2-§(s)(k(”,n),Vn,l
task in this paper is to find an efficient compression scheme (5)
for {H{)|m = 0,---,M — 1} with minor distortion. We here, (0 < p < 1) represents the CSI correlation be-

will also analyse the overhead-distortion performancehef tyyeen the adjacent blocks and the termst@ (), ) and
proposed scheme and examine the corresponding system Igvel ;() 1) are i.i.d.. Note that the delay indexes of non-zero
performance in real-world wireless environments. “taps are slow varying and remain unchanged during a period,
~ For simplicity, we assume that the CSI for all UEs ig g - plocks, where- is much larger than 1. The total number
independent and identically distributed (i.i.d.). We het ot yon-zero taps is assumed fixedZafor all links.

assume that, for each UE, the CSI from different BS antennas

are also i.i.d., i.e., there is no correlation among BS aragn I1l. BASIC PRINCIPLES OFCS| COMPRESSION
Consequently, the compression operations are the same for

the CSI across UEs and BS antennas. Hence unless other\%’é{?‘ this paper, two basic principles are adopted to explait th
stated, we omit the subscripi (e.g.,H5fL> is simplified as y correlation in the frequency and time domains respectiv
H()) from now on without incurring confusion. o . o .
L N Principle 1: The frequency-domain correlation is exploited
By definition, each column oH®) in (1), denoted by oy comp?ressing the gSI " )t/he iime domain. P

H®)(.,n), represents the frequency-domain CSI for the lin ) . . .
corresponding to the-th BS antenna, which is transformed T_o exploit the corrglatlon(?)f csl m_the frequency domain
: . . . during the compression dfi'®’, a straightforward approach
from the time-domain CSI via DFT, i.e., . .
is to sampleK™* (K* < K) complex entries of each column
HE) (. n) =F-h®(n) (2) vectorH® (-, n) directly. The following theorem gives a lower
bound for the minimum value oK* that guarantees perfect
CSl reconstruction. This theorem is the key of the compoessi
scheme developed in this paper, whose proof is given in
h) (n) = [1*)(0,), A" (1,n), - WD (K ~1,n)]" (3) Appendix A.

) _ ) Theorem 1: A necessary condition to perfectly reconstruct
consists off” entries (referred to as ‘taps’ conventionally) thafhe ¢S from direct frequency-domain sampling is
are modelled to be equally spaced in the time domain with

gap At. Specifically, each entry im® (n), i.e., A9 (k,n), K* >2L. (6)

gelnotez thf Ac?ar_ll_r;el ccleffluer?:ho;_f';fkethtt?p W§h| time Theorem 1 indicates that, to guarantee perfect recongiruct
elay (k — 1)At. These taps with different time delays arg, o cs| of each antenna link, the number of variables
When the BS antennas are correlated with each other due te ciN@t need compression in the frequency domain is at least
deployment, a higher compression efficiency can be achibyedxploiing twice of that in the time domain. Comparatively, the CSI
the correlation in the spatial domain. In this paper, we dous on how to - cgncentrates on fewer coefficients in the time domain and can
exploit the correlation in the time and frequency domainse Tevelopment then be Compressed more efficiently This characteristic ha

of a more efficient compression method to further exploit ¢herelation in g = ! g e
the spatial domain is left as our future work. been widely utilized in source coding to reduce the statsti

whereF = {f.1} kxx IS a K-by-K DFT matrix with f, , =
e~92mab/K gnd the time-domain CSI
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correlation [12] and is adopted in this paper to exploit the HY (,n)
frequency-domain correlation of CSI.

Principle 2: The time-domain correlation of CSl is exploited
by the differential coding method. Coding Type

As the basic implementation requirement of closed-loop
MIMO, the relative velocity between the BS and UE is always . P e (n)
very low, implying thatp in (5) is close to 1. Therefore, e [ e 20
the adjacent CSI (either in the time domain or frequency ] o m l
domain) is similar to each other and their difference always @@ Tap selection
has a smaller dynamic range compared with the original w
coefficients. This indicates that, instead of quantizing th

large-scaled channel coefficients directly, we can quantiz . .
this small-scaled difference using fine quantization steps ¢ eo 20 ¢
reduce reconstruction error. Hence the compression eftigie l

is further increased. Feedback bis

@)

Feedback bits

IV. HYBRID TRANSFORMCODING

Based on the discussion in Section lll, we develop a
novel compression and feedback scheme referred to as hybrid
transform coding (HTC) [13] in this paper. The working flow o
of HTC is shown in Fig. 1. HTC involves two coding types,
i.e., selective time-domain coding and differential tish@main

STDC DTDC
Coding Type

Selection

0'() [« ¢

k.

coding. These two coding types and the overall HTC scheme [ " oo
are introduced as follows. Cj Cj
AR (n)

A. Selective Time-Domain Coding (STDC) e

®
With STDC, we first performi-point inverse DFT (IDFT) ) .
on each channel vectét®) (-, n) and obtairh®®) (n). Among W —ﬁ— g

the L non-zero taps{h®) (k") n)|l = 0,1,--- L — 1} of
each link, we only selecf* (L* < L) most significant

ones and quantize their real and imaginary parts separately FO
by a commonB-bit codebook@® = {Q),QY, -+ ,Q% ,}

that is pre-designed and known at both the UE and the BS. A (n)
Finally, the quantized indexes of these selected taps are fe (b)

back to the BS together with the binary representations of

; ; ; Fig. 1. lllustration diagrams of the compression (Fig. @)}l reconstruction
their correspondlng delay indexes. .(Fig. (b)) processes of HTC. The functiog¥-)/Q~1(-) and F(-)/F~1(-)
The reconstruction procedure of compressed CSI USiBghote the quantization/de-quantization and DFT/IDFtesses respectively.

STDC at the BS is as follows. Upon receiving the feedback

information for the selected™* taps of each antenna link fromis unavailable at the BS and thus using the former as referenc
the UE, the BS first de-quantizes these tap coefficients bagzeh avoid quantization error propagation. This treatment i
on the codebook)’. Combining these tap coefficients andorrowed from source coding such as H.263 and H.264 [12].
the corresponding recovered delay indexes, we can form theAfterwards, we compressﬁh(s)(n) in a similar way as
reconstructed time-domain CSI (denoted:tf)‘i}(n)). Note that that in STDC. The only difference is that the real and
in h (n), except the de-quantized coefficients correspondiigaginary parts of theL* selected taps amongsh® (n)

to the L* selected taps, the other coefficients are set &we separately quantized by another fine codeb@ok =

be 0. Finally, DFT is performed o'’ (n) to obtain the {Q},QL, -, Qs ,}.

corresponding frequency-domain CSI (denotedy (-, n)). The re-construction process for DTDC is also similar to that
for STDC. LetAh™ (n) denote the reconstructed counterpart
B. Differential Time-Domain Coding (DTDC) of Ah®®)(n). After obtaining Ah*’(n) via de-quantization,

To compresH(®)(-,n) using DTDC, the UE should haveWe add Af‘(s)(nl(g? h“""(n) to form the reconstructed
the knowledge of the reconstructed time-domain CSI of ttigne-domain CSh™(n). Then the corresponding frequency-
previous OFDM symbol, i.e.h“ " (n). Then we perform domain CSLH™ (-, n), can be obtained by DFT.

IDFT on H®)(-,n) to obtainh®) (n) and calculate
) ) ~(5—1) C. Delay Index Feedback for Selected Taps
AR (n) =h®(n) =" (n). ) _
In both STDC and DTDC introduced above, the delay

Note that in (7) we use the reconstructed a8 " (n), indexes of selected taps are necessary for the reconstructi
instead of the real C31*~ " (n), at the UE because the latterat the BS. Denote byt()|i = 0,1,---,L* — 1} the relative
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positions of L* most significant taps ifh(®) (k) ,n)|l = the BS and the most recently availahi€’ (n) is stored in the
0,1,---,L — 1}. Although we have assumed thgt(!)|I = buffer at the UE as the reference of future CSI compression.
0,1,---,L—1} are the same for alNV links of each UE and V. PERFORMANCEANALYSES

vary everyr blocks, the amplitude of éach non-zero tap is a gjnce TDC can be treated as a special case of STDC with
stochastic variable and may change across every block.eSo pr _ L, a better trade-off between overhead and distortion

the positions of most significant taps, which therefore eed .o, pe achieved in the latter after parameter optimization.

be reported every block. _ In addition, when the channel varies slowly, the difference
~One naive 50'““‘3(? 'S to repczr*t }he binary represent@ayeen the CSI of adjacent OFDM symbols has a smaller
tion of {kW[1 = #¢1),... ==V} every block di- gynamic range than the CS itself and so DTDC can further
rectly. However, it will cause increased feedback overhe tperform STDC. Hence we can qualitatively conclude that
An ingenious alternative*is as follows. From the fact thghe HTC must have better performance than TDC. In this
{kO]1 = ¢t (L7=1} form a subset of k|1 = section, we will study the overhead-distortion perfornenc

0,1,---,L —1}, one can report the latter to the BS every ¢ jrc. These analytical results are useful in the parameter
blocks. The former are then reported every block by indnati optimization in the next section.

their relative positions in the latter. Due to the slow vaoia

speed assumption aft()|l = 0,1,---,L — 1}, 7 is much

larger than 1. Therefore, the overhead is dramaticallycedu ] o ) )
Our approach is a slightly modified version of the second Based on the discussion in the previous section, the feed-

solution that can further reduce the feedback overheastl\ir back overhead of HTC per block for each UE can be calculated

we feed back the delay indexes of &llnon-zero taps every aS

blocks. Then based on the observation that the power mainly 1/7+ N - L" - 2B + kindex (8)

concentrates on the front taps statistically, the ftC' < | (g), the first term is contributed by the one-bit codingeyp
L*) non-zero taps, i.e{k("|1=0,1,--- ,C —1} are aways selection indicator, which is fed back every blocks, the
selected and compressed every block. Consequently, tag d&lecond term is contributed by the quantization resultd of
index information of thes€’ taps is known at the BS and n0gejected taps of alN antenna links where each tap requires
longer fed back. The othei* — C taps are selected to be the,p bits, and the third termingex, is contributed by the delay

most significant ones among the remaining- C' non-zero jngexes feedback of all selected taps, which is detailed as
taps. The delay information of thede' — C selected taps are g jows.

then reported using a binary representation that indidais ~ The calculation Ofking.. is two-fold. First, the delay
relative positions in{k")|l = C,C+1,---, L—1}. Note that indexes of allL. non-zero taps{k®|l = 0,1,---,L — 1},
due to this modification, the selectdd taps may not be the gre fed back every blocks. Without loss of generality, we
most significant ones. This may lead to certain performanggsymeg = £ <« ¢ <« ... <« EL(I-1)_ Note that in
degradation. However, later in Section VI we will show byyraciical systems, cyclic prefix (CP) is always adopted to
numerical results that, after careful parameter selectioe  ayqiq interference among adjacent OFDM symbols, indigatin

A. Overhead Analysis

resultant performance degradation can be marginal. that the length of CP, denoted By..<At, is a natural upper
bound for the maximum time delay of all non-zero taps.
D. Coding Type Selection Hence we have:(“~Y < k... Furthermore, we can prove

In the implementation of HTC, the selection between STDE' " +1 < k) < kynax — L 41 holds through the following
and DTDC depends on the channel variation speed. DTDC tigfivations. From the assumption 6f = £(© < k() <
a higher compression efficiency than STDC in slow-varying* < ¥~ < kuax, the left inequality holds. The right
channels and vice versa. This selection decision made at ¥@auality can be proved by contradiction as follows. Sigepo
UE side can be informed to the BS using one bit feedbadkats") > kmax — L +1. Then we can conclude that""") >
From the practical consideration that the CSI feedback medhnax—LA41, k042 > ke — L4142, KETD > ks,
anism is usually employed in closed-loop MIMO and th#hich conflicts with our assumption of(“~! < kypax.
channel variation status does not change very fast, this of@nsequentlyk) must be no larger thaf.x — L +1, i.e.,
bit selection decision can be fed back everglocks. That is, the right inequality holds.
everyr blocks the UE need to process both STDC and DTDC Obviously,k") ranging fromk (=" +1 t0 kuax — L +1 has

and compare their fidelities. Afterwards, the same codipg tykmax — L + [ — k(") possible values. Recall that the delay
will be adopted in the following- — 1 blocks. index of the first non-zero tap is assumed tdpee., k(*) = 0,

and is known at both the UE and BS. Theref@f® is no
E. A Brief Summary longer required to be reported.LTPe delay indexes of therothe

The overall process of HTC is summarized as follows. At — 1 non-zero taps have totally | (Fmax = L+ 1= k{=1)

L . . =1
the very beginning when the buffer is empty, STDC is assumedssibilities. To represent these possibilities using bi-
by default. Afterwards, the UE processes STDC or DTDC and b ) L1 Il - B
re-selects the coding type everyblocks. The type with a nary number, |log, | II (kmax —hris ) -
higher compression efficiency is selected and adopted in IE%I

. . .
following 7 — 1 blocks. The compressed CSI are reported tp 2= 1082(Fmax — L +1— R 1))-‘ bits are required, where

=1
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[-] denotes the ceiling function. Thus we can conclude thahere(a) follows Parseval’s theorem [19] ar{él) follows the

the average number of bits used to represent all tihedelay fact thath(*)(0) (andﬁ(s) (0)) only containsL non-zero taps.

indexes should be Thirdly, since the real and imaginary parts of each non-

o L*II i Lol k0D 9 zero tap, i.e.,h®) (k" 0), are identically distributed and
index — {k]::”} Z 0g2( max — L1 = ) - 9) processed, their corresponding quantization errors hlage t

=1 same statistical properties (e.g., mean and variance)céHen
Second, UE reports the relative indexeslof— C' selected (14) further reduces to

taps among k)|l = C,C 4 1,--- ,L — 1} for each antenna o ,
link. Without loss of generality, we also assume that the o2 =2E Z (%(h(s)(k(”,o)) —éﬁ(ﬁ(s)(k(”,O)))
relative positions of the selected taps are stored in amdsgug s \i=o
order, i.e.,0 <t <t < ... <¢t(L"=) < [, — 1. Similar -1 ,
to the above proof ok !~V +1 < k") < kypax — L+1, we can —92FE Z (T(rs’)(k(l)) ) (k(”)) (15)
easily prove that~1) +1 < ¢() < I — L* 4+ holds. Thus s \i=o
we can conclude that excluding the fiGttaps, the average () (.(0) _ () (1.() () (1.(0) _
overhead of the relative positions of tfi& — C' selected taps whg(r? " (k) = RADED,0), FOED) =
can be represented by: R(AP(K)0)) and R(-) denotes the real part of its
' argument.
L*—1 . . .
@ _ k. (im1) Based on (15), the distortion expressions of STDC and
Findex = {t%} <{; log, (L L +i-t )-D (10) DTDC can then be calculated separately, as detailed below.

) Distortion of STDC: Since the selectefi* taps are assumed
where t_(_l) = —1. Note that (9) and (10) are achievablg, pe the firsi' non-zero taps together with tHe' — C' most
by bit index table lookup in the implementation and th%ignificant taps among the othér — C' non-zero ones. The
corresponding table can be constructed using Huffman godinugjtant distortion can be upper bounded by that when the

[18]. Combining (9) and (10), we have first L* non-zero taps are constantly selected for compression,

Kindex = ki(nld)ex/T +N- ki(n2d)ex' (11) rega_rdless of their relative significance. Then (15) can be
rewritten as
Further substituting (11) into (8), we can obtain the averag 1
feedback overhead every block of HTC for each UE. It is o2 <9 Z E <(r(s)(k(l)) — 7:(ss)(k(l)))Q)
worth to note that, whei* = L, the termkfi)dex is equal to T =0 °

zero and (8) also gives the average overhead of conventional L—1 5
TDC when the first terml /7 is excluded. + Z E <<r(s)(k(l))) >> (16)
B. Distortion Analysis l:L*_ _
) ) ) where the equality holds wheh* = L. Note that in (16) we
In this paper, the distortion measure for both TDC and HTfzye assumed® (k) =0 forall L* <1< L —1.

is defined as the normalized mean square error (NMSE), € The subsequent distortion analysis for STDC relies on the

2 ) the design of quantization codebo@X. In a practical system,

€

o2—L g [ R an .
NK s F Q° can be optimized, e.g., by Lloyd algorithm [15]. For
;X - 5 simplicity, here we consider the simple uniform quantizati
- ) (.n) =AY H in QY. Denote byd, the quantization step of codebogk.
NK%@(HH () = A () F) (12) inQ ydo the g p oX

Then the quantization levels i° can then be represented as

where|| - || denotes the Frobenius norm. {£do/2,£3do/2,- -, £(2” — 1)do/2}. Hence we have
~Ifigstly, recall that all{H®) (-, n)} are iid. and so are all _ (T(S)(k(l)) B f(5>(k(l>))2
{H*(-,n)}. Then (12) can be rewritten as s
e By gy s,
0l = F , o —9 / <t(2 1)7> F(t)dt
where we only focus on the first antenna link, i.e.= 0, (237171”(; )
(i—277")do

without loss of generality. 281 )
Secondly, according to (2), we have + Z (t—(i—1/2—28"N)dy) f(t)dt (17)

1 » NOPNIE =2 (i-1-2B-1)dy
2= —g(|lF-n®0) -F-h H
7= gl (H 0) O,

wheref(t) = alife‘tz/"lz is the probability density function

™

@ E <Hh(s) (0) — h® (0)H2 of a Gaussian random variablevith mean zero and variance
s F o? /2. After some derivations, (17) can be further rewritten as

L—1
® 0 0 _ 26 R0 g 2 6
E(Z ‘h (K,0) = h'*(k ,0)‘ (14) ¢ (T(s)(k(l))if(s)(k(l») EN0) (B,do)zz aO(B,dy) (18)

=0 s
=1
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where Similar to the treatment of)°, we assumeQ!' to be a
OB B _gng -G-1-2871%; uniform quantization codebook as well. We further assume
oD (B, dg) = 3 TUZ_— 20 T dy = A -dy. For the derivation of the first term in (20),
= 4y we will reuse the counterpart result derived in STDC by
23+2 Y )d C(i—2B1)2g3 conyerting DTDC to STDC with more quantization steps
B Ldo) = Z — a7 , equivalently. The following lemma gives the necessary and
= sufficient conditions oA which guarantee the fidelity of the
agz) (B, do) = above conversion. Its proof is given in Appendix C.

4 and only if A = {1,2,---,28711, the quantization effect of
0 the current CSI by DTDC using, = %do is the same as that
ay (B, do) = by STDC using an equivalent codebook, denoted By with

9

Z o2 +2(i — 1/2 — 2B-1)% 2 orfc ( (i—1-— 2B—l)d0) Lemma 1: When the previous CSl is quantized by STDC, if

)
B iB: o2 +2(3i—1/2 —2B-1)" 42 erfc<(i - 2’3‘1)d0> (A-25 428 — A) quantization levels and stefp = d;.
4 Y
i=1 o s 7! Furthermore, in the design of the quantization step, the
W o1(2 —2B)dy -2 - 4% statistic properties of the quantized object should be rtake
ay’ (B, do) = N A into account. Specifically, the quantization step should be
9B _ 1242 1 952 9B proportionate to the root of the variance of the quantized
aD(B,dy) = 2= )4 0 +20] erf(;( ' 0> object. Thus A should be given by
o
P (r< 5) (k(n))
and erfe(z) = \/_fe* di is the complementary error ,
function. The derlvat|on for (18) is given in Appendix B. \/E (r(s> (k(l>) — f(s—=1) (k;(l)))2
From (16) and (18), we obtain an upper bound for the 3
distortion of STDC as E (r() (k®))?
L*—1 L=1 (@) s
l
o2 <2 (Z (B, do) + ) =+ ) (19) \/E(T(S)(k(l))r(sl)(k(l)))%rE (=D (k) —F(s= (kD))
=0 l=L* s s
Note that (19) holds with equality wheh = L*, which (21)
exactly quantifies the distortion performance of TDC. where (a) follows the independence between the quantized

Distortion of DTDC: A similar upper bound for the dis- error of previous CSI and the current CSI change in time
tortion performance of DTDC can be obtained by assumintpmain. Note that in the implementation, the quantization
the residual of the first.* taps are selected for compresstep is usually small, indicating that the second term in
sion. Specifically, we have(®) (k()) = #s=D (k") for all the dominator of (21) is always much smaller than the first
L* <1< L-—1and (15) is rewritten as term. Here we omit the second term addcan be therefore
L1 approximated to

2
S E (0 (60 — 7 (kD))

<ol B (0 (k0))*
n Z E (+() (k) - =D ()2 A~ - (22)
=i \/E () (kD) — -1 (RD))?
5B (O (kD) — 70 (1)) . -
=0 *® where the numerator is clearl%, and the expectation in the
@ | Lil E (r(=1) (k) — 71 (1)) denominator of (22) can be written as:
=L~ % 2
- () (D) _ p6=1 (O
£ 5 E(EEIRD) = D (kD)) E (@ (k) =70 (50)) 2
I=L* ¢ . s s—
S o) sy’ o ) T (8.0 (1)
o - 2 ) 2
=2 =97 | @0 CE(-ne (k) (VI 2w () (k0.0)))
+ E (r®) (kD) — (=D (kD)) ®) 2 0‘2
=Lt =1+ (1=p)
where (a) follows the independence between the qu::mtize_d(1 — p)o? (23)
7.

error of previous CSI and the current CSI change in the
time domain, i.e.; =Y (kW) — 7= (k1) is independent In (23), the equalitiea) and (b) follow the assumptions that
of 78 (kW) — r(=D(£W). The two terms in (20) will be ¢©) (k1,0) andh® (£, 0) are independent and identically
derived separately below. distributed, respectively.



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. XX, NO. XX XXXX 20XX 7

Thus (22) can be rewritten as

1
A~ NoEwTh (24)
Combining Lemma 1 and (24}*) (k) can be regarded
as the quantization result of*) (k")) by directly using STDC
with an equivalent uniform codebook containing quantati
levels{+d; /2, 43d1/2, - , £ qmaxd1/2} Whereé gua=(A+ W
%]
1) - (28 — 1) and Azmin(m&x (1, {ﬁJ), 28-1) e * B=3 B=4 ]
and the floor function|-] is to compensate the effec-
t caused by the approximation process taken in (22), i.

E (rt=Y (kW) — 7= (k(”))2 = 0. Hence by replacing,

S

and (28 —1) with d; andgu.x in (18), respectively, we obtain

10

* @
1
-

2

() (DY _ =(8)(1.(D) () 2| . . . . . . .
E(T (K) = 7k )) <a(logy(gmax +1),d1) - (25) i 60 80 100 120 140 160 180 200
L ) ) Overhead (bi
The derivation for the second term in (20) can be easi vernead (1)

obtained from (23) as , . o
Fig. 2. Overhead-distortion performance of TDC for the duzation books’

E (T(s) (k(l)) EPNCES)) (k:(l)))Q — (1—p)o?. (26) payload of B =1, 2, 3 and 4.

S

.Co”.‘b'”'”g (20), (25) and (26), we can upper bound thsecenario of urban macro is adopted. Please refer to [14] for
distortion of DTDC as

detailed introduction of SCM generation procedure.
L*—1 L—-1
o225 s s .35~ o

f)-(27) N
—o =L 1 A. Parameter Optimization
We first optimize the parameters of both TDC and HTC.
VI. SYSTEM LEVEL SIMULATION RESULTS Through the Monte Carlo method, we obtain the PDP of
In this section, we study the performance of the proposéd-3290,0.2513,0.2024, 0.1623,0.0488,0.0062) and p = 0.9
HTC scheme in the real environments via the system lefpr SCM statistically.
el simulations. Our simulation settings typically consigt  For TDC, we scaleB from 1 to 4 and calculate the
multiple cells and UEs and account for system attribut@orresponding overhead-distortion performance usinca(@)
including scheduling and HARQ. The parameters used in oid9). As shown in Fig. 2, TDC achieves the best trade-
simulation follow the guidelines of 3GPP Case 1 (see Tab®f at B = 2. Further increasing the payload of codebook
A.2.1.1-1/2 in [17]) which involve typical parameters fdret only brings marginal performance improvement at the cost of
simulation under the macro-only homogeneous deploymentuch heavier feedback overhead. In what follows, the TDC
Specifically, the carrier frequency is 2GHz and the systeperformance withB = 2 (the corresponding overhead is
bandwidth is 10MHz. The network topology consists of 196.24bits averagely) is adopted as the baseline for HTC.
sites, where each site has 3 hexagonal shaped cells. EadNext we optimize the parameterd”, B,C) for HTC
cell is covered by one BS, which is assumed to be equippgdbject to the constraint that HTC has no higher overhead tha
with 4 transmit antennas, i.ely = 4. The cells’ inter site TDC. Recalling from the discussion in Section V-B, we can
distance (ISD) is set to 500 meters. The total transmit powege that the obtained distortion upper bounds (19) and (27) a
of each BS is 46dBm, i.e., 40w. Within each cell coveragedependent of the paramei€r Therefore, we first fibxC' = 0
area, 10 single-antenna UEs are independently generatked ianthe overhead calculation and optimizé&*, B) for both
uniformly distributed. The channel coefficients betweenheaSTDC and DTDC based on (8), (19) and (27), respectively.
UE-and-BS pair are generated according to the spatial ehanhhe optimized parameters are exhaustively searched frbm al
model (SCM) [14]. The SCM model is developed particularigettings that satisfy the overhead constraint. The cooregipg
for system level evaluation by standardization bodies @GPoverhead-distortion performance of both STDC and DTDC
3GPP2). SCM considers = 6 clusters of scatterers, whereare shown in Fig. 3, from which we can see that the setting
each cluster corresponds to a non-zero tap. The generdtioflg" = 5,8 = 2) minimizes the distortions of STDC and
the channel coefficient of each tap consists of three baspsstDTDC at the same time.
[14]: specifying scenario, obtaining the parameters datet ~ Given the settind L* = 5, B = 2), we further optimize the
with the corresponding scenario and generating the chanpatameteC' using the overhead calculated by (8) and the dis-
coefficients based on the parameters. In our simulation, tlation obtained by the Monte Carlo method. As shown in Fig.
4, a significant overhead reduction can be observed witien
?Here gmax is obtained assuming that the CSl at the— 1)-th block is  jncreases, but an additional distortion to the reconstaiGS|
compressed by STDC. Actually, if DTDC is adopted insteadhat( —1)-th . . . .
block, the resultant maximum quantization level can bedatgangmaxdi /2 1S @IS0 incurred meanwhile. However wheéh< 2 in STDC
and corresponding distortion can be even less. andC < 4in DTDC, the accuracy degradation is marginal and
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from different BSs and selects the BS offering the highest
CRS power as its serving BS. Afterwards, the CSI between
each UE and its serving BS is estimated and compressed

10

*(1 llk(l 2)*(1 3)*(1 4)*(1 5)*(1 6)*(1 7&(1 8)*(1 9&(1 10)

en . L2209 ey yes at the UE side using parameter-optimized TDC or HTC. In

e e our simulation, we assume perfect CSI estimation at the UE

ey *G9 side so as to exclude the impact of channel estimation on the

system performance. Upon receiving the compressed CSI fed

8l oY D B 4 (51 x42 | back from UEs, each BS then perform scheduling among its
2 MAayaa a5 aean asagao £ served UEs based on their reconstructed CSI. Specificady, t

10 MHz system bandwidth is divided into 10 sub-bands. On
each sub-band, the serving BS schedules either a single UE
@3 or multiple UEs based on the well-known proportional fair
© (PF) principle. We refer to the former as single-user MIMO

042 .
) @2 &2 (SU-MIMO) and the latter as multi-user MIMO (MU-MIMO)

O T T o0 0 o o s 9w e 10 in this paper for the definition clarification. After scheitgj,
Overhead (bits) the serving BS selects proper modulation and coding scheme
(MCS) levels and beamforming vectors for the served UEs.
Fig. 3. Overhead-distortion performance of HTC under wwiparameters INn particular, the beamforming vectors are computed based
L* and B. The parameter settingd.{ B) are marked on the points. on the maximum eigenmode beamforming (MEB) [1] and the
zeroforcing beamforming (ZFBF) strategy for SU-MIMO and
N MU-MIMO, respectively. During the transmitting procedset
‘ ‘ ‘ ‘ ‘ ‘ major radio resource management (RRM) algorithms such as
© DTbC packet scheduling, closed-loop MIMO with precoding, link
=5 adaption, and HARQ, are also implemented.
C=4 Fig. 5 shows the cumulative distribution functions (CDF&) o
10°F css * c=2 1 the throughputs per UE achieved by different CSI compressio
* schemes under SU-MIMO MEB and MU-MIMO ZFBF. The
performance obtained by adopting ideal reconstructed €SI a
the serving BS is also plotted as an upper bound. It can be seen
2| g:4g=3 €=2 c=1 c=o | from Fig. 5 that the gaps between the throughputs obtained by
© adopting TDC and the upper bound are significant, especially
in MU-MIMO ZFBF. Contrarily when HTC is adopted in the
system, the corresponding performance gaps become mirgina
for both SU-MIMO MEB and MU-MIMO ZFBF. In particular,
78 80 82 84 8 88 9 92 9 9% compared to the performance obtained by TDC in SU-MIMO
Overhead (bits) MEB, a gain of 14.68% is achieved by HTC at the cell average
throughput and a gain of 22.00% at the 5% quantiles [17]
Fig. 4. Overhead-distortion perfgrmance of HTC with =5, B = 2, and (denoted by 5%-ile below) worst UE throughput, where 5%-ile
C'i50,1,2,3, 4 and 5 respectively. is obtained at the 5% point of the CDF curve and indicates the
better overhead-distortion trade-off can be achievedcelieme Cell-edge performance. In MU-MIMO ZFBF, the counterpart
optimized parameter settings afé* = 5,8 = 2,C = 2) 9ans are 64.62% and 33.33%. Thus we can conclude that
for STDC and (L* = 5,B = 2,C = 4) for DTDC. HTC_ outperforms TDC [9] completely.
It is also seen that, in the considered SCM model, DTDC !t IS worth to note that the performance of HTC can be

significantly outperforms STDC. Hence in our simulatiorfu"ther improved by optimizing the quantization books via
DTDC dominates the HTC performance. Lloyd method [15]. Numerically, we find that the advantage

of quantization book optimization is more significant in MU-

MIMO ZFBF than in SU-MIMO MEB. This is because MU-

] ) ) ) MIMO ZFBF is more sensitive to the inaccuracy of CSI at
We now provide some simulation examples to illustrage Bs. Even though, we find through simulation that the

the potential gains achieved by adopting HTC in varioyss formance improvement of HTC after quantization book

transmission strategies. o optimization is very limited, e.g., a gain of 6.24% at thel cel
The workflow in the simulation is as follows. By thegyerage throughput and a gain of 10.08% at the 5%-ile worst

current LTE-A standard, each BS first broadcasts one commgg throughput in MU-MIMO ZFBF. This implies that HTC
reference signal (CRS) continuously. The CRSs from differeq insensitive to the quantization codebook.

cells are assumed to be mutually orthogonal at each UE.
Each UE then measures the received power of the €RSs VIl. REALIZATION ISSUES

0(22)
O(2 3) O(2 4) o25)
o2

NMSE

B. Smulation Results

8In LTE-A, the metrics of the received power of the CRSs isirefi to as _Fi_na"y= we consider the realizatior? of '__'TC in PraCtice-
reference signal received power (RSRP) Similar to TDC, the DFT/IDFT operations involved in HTC
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range of the difference between adjacent CSI. Hence it is
unnecessary to stoi@' in the buffer.

VIIl. CONCLUSIONS

In this paper, we have developed a novel compression and
feedback scheme, i.e., HTC, for the CSI of downlink MIMO-
OFDM systems. HTC has the capability of exploiting the
correlation of CSI in both frequency and time domains. Its
performance is evaluated both analytically and experiaient
ly. First the closed-form expressions are developed for the
overhead of these two coding types. Then the parameters
involved in HTC are optimized based on the analytical rasult
Finally, under LTE-A Release 10 based cellular networks, th
system level performance of HTC is evaluated and compared
with that of TDC in both MEB based SU-MIMO and ZFBF
based MU-MIMO. Both the overhead-distortion performance
analysis and the system level simulations demonstrate that
HTC can significantly outperform the available alternatvel
achieve very high compression efficiency.

Although we have assumed independent CSI for different
BS antennas in the paper, the HTC scheme can be directly
applied to the system where the BS antennas are correlated
due to close deployment. It is expected that, by improving
the current HTC scheme to further explore the correlation in
the spatial domain, even higher CSI compression efficiency
can be achieved. This interesting topic is currently under
investigation.

APPENDIXA
PROOF OFTHEOREM 1

TreatingH'®) (-,n) as a time-domain signal and according

m

to Nyquist sampling theorem, we can see that the sampling

frequency (denoted by;) should be at least twice the highest
frequency contained itH(®) (-, n) (denoted byf.) so as to
avoid distortion, i.e.,

Fig. 5. Comparison of the system level performance for difie feedback
schemes assuming SU-MIMO MEB (Fig. (a)) and MU-MIMO ZFBFdFi

(b)).
_K*

. . . , > 2f,
are inherent operations in OFDM systems and have fast fs . =2/ (28)

implementation algorithms with very low computational 'CoswhereTg denotes the periodicity of one OFDM symbol.
and a quantization codebook at the UE as well as the BS onlyB ‘
incurs very limited space complexity. Moreover, HTC invedv
the following additional complexity:

« subtraction in (7) for computing the residuah® (n);

« comparison for finding the most significant taps of ea

y IDFT, the signalH!¥) (-,n) can be transformed into

h(*) (). Since we have treated s (-, n) as a time-domain

signal,hii) (n) can then be regarded as the frequency-domain
ectrum oH ) (-, n). Thus the bandwidth of each subcarrier

m

G0 h) (n) is 1/T,. We assumé’®) (n) containsL non-zero

link; i ) m ]
’ subcarriers. Thus the highest frequerngyis lower bounded
« additional buffer to store the reconstructed CSI and tvv&, L/T., i.e g quengyi
index mapping table to achieve (9) and (10). s e I
The abovementioned additional operations involve very low fe> i. (29)

computational cost. The additional buffer is required tstju
store several scalars. Hence the implementation comple
of HTC is similar to that of TDC. Note that although a
additional codebook for DTDC, i.eQ!, is required in HTC, it
can be generated by properly scaling the quantization steps
Q" in the practical implementation according to the dynamithis completes the proof.

Note that (29) holds with equality only when the froht
*Wibcarriers ith'®) () are non-zero. Comparing (28) and (29),
"we can obtain

K* > 2L. (30)
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2B (i—2""")do

Z / (t— (i —1/2 =25 do) f(t)dt

=li—1-28-1)4,
+oo

B do\”
+2 t—(2 —1)-7 f(t)dt.
2B—1d0
For notational simplicity, we defind’ = 25,

% = QBild(), z;, = idyg — R = (Z - 2Bil)d01 Yi =
Ti—1+x, _ (i71/272B71)d01 and yr = M _

2

(2571 —1/2) do. Recalling thatf(t) = -L-e 7, we can

rewrite (32) as

2
E (T<s>(k<z>) _ ) (ku)))

S

*Z / (t—y:)°

+oo

dt+2/(tfyT)2f(t)dt

R

72/152 dt+Z/ 2ty f( dt+Z/yz

J«ql

—+oo —+o0 —+o0

+2/t2f(t)dt+2 / f2tny(t)dt+2/y%f(t)dt

R R R
T T
2 a 2t
:§ / e U?dt+§ / YL at
— o P o\
Ti—1 Ti—1

()= ==

Third, terms(c) and (f) can be represented by the comple-

+oo +oo
APPENDIX B — 2yt ,_2 g2 -4
THE DERIVATIONS FROM(17) TO (18) +2/ P dt+2/ — rdt. (33)
The first term in (17) can be rewritten as r
. , © (£)
9 / (t — (2B —1). @) F(t)dt The above six terms are separately derived as follows., First
2 after integration by parts, tern{a) and (d) can be rewritten
(2B-1-1)d, as
2371d0 2 +o0 2 T
d d T ,ﬁ i g 2
—2 / (t(231)§) F(t)dt+2 / (t(231)70) F(t)dt -3 (- “lt o7 + / 2flf =
(2B-1-1)do 2B-1d, i=1 ot gl "
—2B-1q, 9 +oo 9 T 2
d() d() o oL 1 ) 01T _0_2
= t+(2P 1)) fdt+2 [ (t—(28-1)—= =
[ (-0 s [ (+-@2-0%) Z( N
—(2B-1-1)d, 25-1d, T 2
2814, I\ 2 + Z ( (xZ 1) U4l erfc (:c )), (34)
g ag
+ / t— (28 —1)-2) f()dt. i=1 : :
2 2 |+oo +oo 2
(2B-1—1)do ot —o oL "oz
(d)=——=e “i —e “idt
Substituting (31) into equation (17) of our paper, we obtain VT R VT
2 R2 2
) (DY — 75 (D)) = _alk —% o R
B (1) (60) — 7 (50)) =22+ Lt <a) . (35)

2
Z 01Yi *z

2
QUlyT 7%‘72
— e °i

Second, by integration, ternié) and (e) can be rewritten as
T T 2.2 @12
oYi —z O1Yi ——3—
= e i— e 7 |, (36)
(e )
—200yr —53
= —F—¢€

+oo
= 7. 37
RV 7

+oo
mentary error function, i.egrfc(z) = % Ik e~tdt, as
x

f () ﬁm_(%y‘i(a%)

Combining (34)—(39), we have

. (Ms) (k®) — f(s>(k(l>))2
T 2 |T; Ty
ot —-%& / o -
- e 7 + e °f dt
; 2/ . 2\/m

Ti—1
T 2 .2
Z (am 1 o1 e—’i:lz
2/m 2\/m
L:1 \/_ \/_

2 2
i -1 0 T
;<4erfc< o > 4erfc<al>)

+
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T 12
O1Yi ——= O1Yi ——0>=
(T )
T /y2 2 y T
e [ 221 ) L e [ 22
+;(2erc(al erc(gl))

R -&B2 2 ) _R2
+ JlTe T+ T erfe (:/lgTe T+ ylerfe <—)
T T
z2 2
T i1 m
[ G T o5 oy e
2 2 2 2
B R +42y1 erfc (x:;l — LTeYe +42y‘ erfc (i—)
1
o 5 o 22 A
+(R—2yT)\/—%e 7 4 Z?JT fe( o). (40)

Finally, by replacindl’, R, x;, y; andyr with their definitions

11

for some integen, n =0,1,2,---,2% — 1, or equivalently
d

A==2=28_p, (43)
dy

for some integem, n = 0,1,2,---2% — 1. Hence all the
feasible values ofd that guarantee$)? to be uniform are
{1a27"' 72B}'

2) The overflowing event should be avoided

If the value of A is improperly selected, it is possible
that when DTDC is selected after coding type selection, the
corresponding\r(*) () is out of the quantization range of
Q'. Under this situation, the quantization results by using
DTDC with codebook)! will be different from those by using
STDC with codebook)? and thus the equivalence between
them does not hold.

and after combining like terms, (40) can be further rewnitte To avoid such an event, we need carefully choose the value

as

2
E (Tcs)(k(l)) _ f(w(k(l)))
S
_ 2’& d 7(i71723*1)2d5

O'l I E—
_E — 7 ¢ i

(= 2B 12 a3

_ZO'I 23+2722)d0

. _1\2
+§: o} +2(zf 1/427 251)dg
i=1
_2{: o2 +2(i— 1/2 —28-1)%q
1

i=1

fc<(i —1-2B8"1)4,

)
)

2 : oB-—1
Yerfc <7(Z 2 )do

a1

+O_l(2 _ QB)dO *22B(:l22d5 . (2 ) d + 20-l e 2Bd()
SN 1 2, )
(41)
which is the same as (18).
APPENDIXC

PROOF OFLEMMA 1

The rationale behind Lemma 1 is two-fold, as detailed

below.
1) The equivalent quantization codebo6k should be
uniform

This is equivalent to say that, when we spread all the
quantization levels of)! around two adjacent quantization

levels of Q°, the resultant two quantization ranfeshould
be overlapped with an integer number&f Without loss of
generality, let us consider the quantization levely and &

of Q°. Mathematically, we have

d d

,g +2871d; = 2 — 2814 4 nd,, (42)

4When we spread all quantization levels @' around a pointz, the
resultant quantization range is defined [as— 28-1dy,z + 25-1d;]. It
is easy to see that for all the terms falling within this gieation range, the
corresponding quantization error is always no larger thaf2

of A such that onceAr(M) (k) is out of the quantization
range of@', DTDC always leads to a larger distortion than
STDC and will not be selected for compression. Without loss
of generality, we assume that the previous quantized leyel b
STDC is#(® (kD)) = —4o Mathematically, it is equivalent to

let
do 28 -1 2n do 2B +1
—-— dy < Lig< -0 di, (44
5 + 5 1S 0 < 5 + 1, (44)
for some integen, n = 1,2,---,28~1 or equivalently
28 —1 d 28 +1
<D<t (45)
2n d1 2n
for some integem, n = 1,2,---,28-1, Therefore, we can

conclude that the feasible values df that avoid the above
overflowing event arg1,2,--- 2511,

In summary, when the previous CSl is quantized by STDC,
if and only if A = {1,2,--.,28~1}, the quantization effect
of the current CSI by DTDC using;, = %do is the same as
that by STDC using the equivalent codeba@k.
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