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Abstract—In this paper, we propose trellis coded quantization
(TCQ) based limited feedback techniques for massive multige-
input single-output (MISO) frequency division duplexing (FDD)
systems in temporally and spatially correlated channels. &
exploit the correlation present in the channel to effectivey
quantize channel direction information (CDI). For multiuser
(MU) systems with matched-filter (MF) precoding, we show tha
the number of feedback bits required by the random vector
guantization (RVQ) codebook to match even a small fraction
of the perfect CDI signal-to-interference-plus-noise raio (SINR)
performance is large. With such large numbers of bits, the
exhaustive search required by conventional codebook appeazhes
make them infeasible for massive MISO systems. Motivated
by this, we propose a differential TCQ scheme for temporally
correlated channels that transforms the source constellan at
each stage in a trellis using 2D translation and scaling tectiques.
We derive a scaling parameter for the source constellation
as a function of the temporal correlation and the number of

The expressions for signal-to-noise ratio (SNR) and signal
to-interference-plus-noise ratio (SINR) for massive MUSI
systems are derived irl[1] for both zero-forcing (ZF) and
matched-filter (MF) precoding schemes, respectively. ghhi
SNR, ZF precoding gives superior performance compared to
MF precoding because the interference is strong and ZF can-
cels the interference whereas MF only maximizes the desired
signal. In [8], it is observed that if a higher spectral efiuty
is required, ZF precoding is preferable in the high SNR negio
while MF (also known as conjugate beamforming) precoding
is preferable in terms of energy efficiency. Analytical dpaic
efficiency approximations are derived in] [9] with several
linear precoders and detectors for non-cooperative roalti-
massive MISO systems using time-division duplexing (TDD)
operation. There are also several other studies that deéfal wi

BS antennas. We also propose a TCQ based limited feedbackthe performance of massive MIMO/MISO systems with linear
scheme for spatially correlated channels where the channel precoders [[10]5[13]. In MU massive MISO systems, the

is quantized directly without performing decorrelation at the

receiver. Simulation results show that the proposed TCQ sames
outperform the existing noncoherent TCQ (NTCQ) schemes, by
improving the spectral efficiency and beamforming gain of tte

system. The proposed differential TCQ also reduces the febdck

overhead of the system compared to the differential NTCQ
method.

Index Terms—Massive MISO limited feedback, trellis coded
quantization (TCQ), Ungerboeck trellis, Viterbi algorith m.

|. INTRODUCTION

computational complexity increases with large numbers of
antennas and users. This increase causes delays in learning
the channel estimate at the BS, resulting in outdated pezspd
especially when the channel is changing rapidly over tinee. T
overcome this “channel aging”, a channel prediction method
has been proposed in_[14].

In TDD transmission, the BS acquires downlink channel
state information (CSI) via uplink training and exploiting
channel reciprocity, whereas, in frequency division dxiplg
(FDD) operation, this is achieved via a low-rate feedback.li

ASSIVE multiple-input single-output (MISO) cellular Although, most of the research on massive MISO consider
systems use large numbers of transmit antennas aT@D transmission, most of the existing cellular systems use

base station (BS) to simultaneously serve a smaller numB#D operation. In order to equip the transmitter with CSI,
of users[[1]. This results in a higher spectral efficiencgsle TDD based MISO systems require tight RF synchronization
inter-user interference and reduced energy consumgtipn [between transmit and receive antennas [15]. However, ikthe
[3]. The use of large numbers of antennas at the BS alace downlink/uplink synchronization errors in RF chainerth
provides highly directional beamformin@][4] and the arrathe channel estimated at the transmitter using reciprocéy
gain from beamforming can improve the link budget. Durot be precise [15][[16]. In this paper, like many other &ad
to these and several other attractive features, massivdOMIfA6]-[19], we investigate massive MISO systems with FDD
is becoming a popular contender for 5G wireless systentperation.
However, there are a number of factors that limit the per- The feedback overhead is large in massive MISO systems.
formance of massive MISO systems, e.g. pilot contaminati@onventional codebook-based limited feedback schemss, di
[3], [5], reduced multiuser (MU) diversity gain due to chahn cussed for independent and identically distributed ().i.d
hardening([6] and high spatial correlation at the BS [7]. ARayleigh fading channels in_[20]=[22] and for correlated
overview of massive multiple-input multiple-output (MIMO channels in [[23]£[29], are not feasible as the number of
is described in[J1] including information theoretic aspeahd codewords required in the codebook grows exponentiallig wit
linear transceivers along with the main design features atite number of transmit antennas, making a search for an
practical challenges. The attractive features of massild® appropriate codeword a computationally complex task. &her
systems also apply to massive MISO systems. are very few studies that explore limited feedback schemes
for massive MISO FDD systems that reduce the computational
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complexity of the search for an appropriate codeword at a uggroposed in [[17] for spatially correlated channels reauire

For a spatially correlated channel, a compressive sensikgowledge of the transmit correlation at the transmitter.
based feedback scheme is proposed_in [18], where the feedn this paper, we adopt the TCQ framework developed in
back contents are dynamically configured depending on chgB@] to quantize the MISO channel at each user for temporally
nel conditions. Recently, open-loop and closed-loop ingin correlated channels. Exploiting the temporal correlatiothe
techniques have been proposedin [16] for massive MISO Fibannel, we design a differential scheme that transforras th
systems, where long-term channel statistics and prewiousburce constellation at each stage in a trellis, such thiat it
received training signals are used to increase the perfwenacentered around the previously selected constellationtpoi
of channel estimation at each user. Moreover, with a smér the next feedback instance. We rely on 2D translation and
amount of feedback overhead, it is shown [in][16] that thecaling schemes to transform the source constellation.
closed-loop training scheme reduces the downlink trainingWe also propose a TCQ based limited feedback scheme for
overhead. Recently, trellis based channel quantizatiotih-mespatially correlated channBlsvhere we guantize the corre-
ods have drawn much attention in limited feedback massilaed channel directly at the receiver. Hence, unlikeé [17§
MISO FDD systems due to their low complexity compared tproposed scheme does not require knowledge of the transmit
conventional codebook approaches. correlation matrix at the transmitter. For spatially ctated

In trellis coded quantization (TCQ) based limited feedbaathannels, we consider uniform linear array (ULA) and unifor
systems, the channel is quantized by the user using teetangular array (URA) antenna topologies.
concept of a trellis with a source constellation and therffite  The main contributions of this paper are summarized below:
algorithm. The input bit sequence of the selected trellithpa , To motivate the TCQ based limited feedback approach,
is then fed back to the BS, where the BS uses a convolutional we quantify the codebook dimension required for an
coder to regenerate the quantized channel and compute the ordinary limited feedback approach. In particular, we de-
beamforming vectors. In conventional channel coding, the rive an expected SINR approximation for MF precoding
Viterbi algorithm is run over the trellis stages where edelys with random vector quantization (RVQ) codebook CDI.
represents time. In contrast, in limited feedback MISOesyst This expected SINR approximation is used to derive the
with TCQ, each trellis stage corresponds to a particular BS number of feedback bits required to achieve a mean SINR
antenna element. One way of selecting the trellis path is by performance with RVQ codebooks which4sdB below
using brute-force maximum-likelihood (ML) optimizatiohat the mean SINR with the perfect CDI.
searches for the best path (most likely sequence) from the, \We propose a differential TCQ method that uses a trans-
set of all the trellis paths (also known as trellis codewprds  formed source constellation at each stage of the trellis

However, due to the size of exhaustive search, it is not joact to quantize the MISO CDI. By efficiently utilizing the

to consider brute-force ML, therefore the Viterbi algonitfis temporal correlation information and successively trans-

preferred as it reduces the search complexity by relyindhent  forming the source constellation, the proposed method

surviving trellis paths only. reduces the feedback overhead and boosts the perfor-

A trellis based channel quantization scheme is proposed in mance of the MU massive MISO system compared to
[19] for single-user (SU) multi-cell MISO systems with larg the existing differential NTCQ schemi [17].
numbers of BS antennas. The main idea is to use the TCQ, |In order to track the temporally correlated channel,
scheme([30] to quantize the channel at each user using Unger- the proposed method uses 2D translation and scaling
boeck’s trellis coded modulation (TCM) approachl[31] anel th  techniques to transform the source constellation after
Viterbi algorithm. A noncoherent TCQ (NTCQ) approach for  each feedback interval. We derive an expression for the
a massive MISO system is proposed [inl[17], where a bank source constellation scaling parameter, as a function of
of coherent detectors is implemented to realize near optima the temporal correlation and the number of BS antennas.
noncoherent detection. Here, TCQ with Ungerboeck's édli  , We also propose a TCQ based limited feedback technique
used to quantize the channel direction information (CDF) fo  for spatially correlated channels where the correlated
a SU massive MISO system. By adopting Ungerboeck's TCM  channel is quantized at the receiver directly without the
structure, the TCQ scheme uses source constellations such a need to decorrelate it. The advantage of the proposed
QPSK, 8PSK or 16QAM to quantize each channel entry with  scheme is that the transmitter reconstructs the channel

1 bit, 2 bits or 3 bitS, respectively (thiS will be clarifiedrfthe without requiring any knowiedge of the Spatiai correla-
QPSK constellation in SectidnV). The Viterbi algorithh?]3 tion.

is used to search for the optimal path in a trellis and a CON-Aqditionally, we also compare two commonly used linear
volutional code is used at the BS to reconstruct the quaitiz recoding schemes, namely ZF and MF and evaluate their
channel, using the trellis sequence as input and produbig Eerformance in terms of mean values of the SINR and spectral
quantized channel vector at the output. Three differenitdith oficiency. The NTCQ schemg[17] serves as a baseline for this
feedback schemes are proposed [in| [17] for three differeqf, 4y Although the NTCQ method was originally proposed

channel models; an i.i.d. Rayleigh fading channel, a temlyor ¢, 4 SU massive MISO system, it can also be used in a MU

correlated channel and a spatially correlated channellTih [ setting. In [L7], multiple Viterbi algorithms run in parel]
the quantization process of the temporally correlated ebln

requires additional feedback of optimization parametegace  !Similar to [17], we also propose two separate TCQ schemegrioporally
increasing the feedback overhead. The adaptive TCQ metl#9d spatially correlated channels in Sectibis Vand VI, eesyely.



each searching for the best output path over different galue Treating interference as noise, the expected spectral effi-
of amplitude scalings and phase rotations. According th L7 ciency for the MU MISO system is given by [33]
parallel search in Euclidean space to quantize a chann&vec
is approximately equal to a quantization on the Grassmannia E [Reur] = E
manifold. Moreover, due to the presence of parallel Viterbi
blocks, the overall process is _descn_bed as noncoherent TCQHn this paper, we use a differential TCQ scheme (discussed
However, the mean beamforming gain due to the parallel set.o . . = h

N . . L in’ Section[Y) to quantize the CDI vectoh;, = ., for
Viterbi algorithms does not improve significantly compated h q he ed” ‘ ”%
having a single Viterbi block, especially when using highé""c~ user. We denote the “quantized” CDI for thie user

K
E:b&(L+QN&ﬂ. (4)

k=1

source constellations (see Fig. 8 6f[17]). Like the NTC@Y Dk We next discuss the ZF [34] and ME_[35]. [36]

scheme, the proposed differential TCQ scheme can also wgar_precoding schemes that are generally considereddn M
implemented using parallel blocks of Viterbi algorithmyho Massive MISO systems.
ever, for simplicity and reduced complexity we only rely on &, ZF precoding

single Viterbi block at each user. In ZF precoding, the perfect CDI vectors;, of all users

The source constellation plays an important role in d%—re concatenated into a singlé x M matrix at the BS,
ciding the required number of feedback bits. If the SOUrGEsnoted byH = [h7...h%]

lati _ : bl lat ' 1T [34]. The precoding vector,
constellation consists of. symbols or constellation points, . _ . is the normalized™ column of the matridV’, where

then the Iength of the input bit sequence (or the number gf _ H¥ (HH")~!, such thatv,, = V(:, k)/|[V(:, k)||. With
feedback bits) after TCQ becomed (logy(L) — 1), where o fect cDI, ZF precoding completely eliminates interfere

M is the number of BS antennas. Therefore, in order to keng using the results given inl [1[. [37].[38] for lardé, the
the feedback overhead reasonable, we use QPSK and 8Pe§t§ected SINR can be approximated as '

source constellations, requiringy/ and 2M feedback bits,

_respectively. Anothe_r benefit is thgt all the_ const_ellatinmints E [SINR%F] ~ %IE [|hkwk|2} =plg—1). (5)

in a PSK constellation are positioned with uniform angular o _

spacing around a circle, hence making it a suitable carelidat Unlike perfect CDI, with limited feedback based quantized

for the proposed schemes in Sectioh V VI CDI, hg, ZF precoding does not eliminate the interference
Notation: We use (-), ()7 and (-)~! to denote the completely due to quantization errors.

conjugate transpose, the transpose and the inverse @pesaty  \F precoding

respectively.| - || and | - | stand for vector and scalar norms For MF precoding with perfect CDI, we have, — b and

respectively.E[| denotes expectation. Bold uppercase ar}ﬂe expected SINR approximation for th¥ user, derived in
lowercase letters are used to represent matrices and sector '

Lowercase italic letters denote elements of vectors/cedri the Appendix, is given by

E[SINRVF| ~ — P21 (6)

Il. DOWNLINK SYSTEM MODEL TpE-D 7
7

Consider a single-cell MU MISO system with/ transmit At high SNR ( — oc), we can write[[5) as

antennas at the BS. The BS servgssingle antenna users v

simultaneously using a suitable precoding technique, &her lim E [SINI#,\C"F] ~ (7)
K < M with a constant ratioy = M/K. On the downlink, pro0 -1
the received signal for the" user can be written as In contrast to [(b), it is evident from](7) that there is no

improvement in the MF SINR in the limit gsincreases, hence
limiting the SINR gain.

whereh;, € C'*M denotes the channel of thé" user and l1l. | MPRACTICALITY OF RVQ CODEBOOKS

ng is the noise assumed to be i.i.d. with, ~ CN(0,1)
Vk. We assume uniform power allocation amohg users.
Denotin}g SNR byp, the transmitted signal is given by =
V' E > Wisk, Wheres;, andw;, are the data symbol and
M x 1 unit-norm precoding vector for the" user, respectively.
The data symbols are assumed i.i.d. with|s;|?] = 1. The
received signal can be expressed as

yr = hpx + ng, k=1,...,K, ()

In this section, we show that codebook based limited
feedback approaches are not practical in massive MISO sys-
tems. Although this is known in an intuitive sense, here we
quantify the scale of the problem by computing the size of the
codebook required. A similar analysis is derived [in][33] for
ZF precoding where the spectral efficiency loss is invegtida
In contrast, we consider MF precoding with RVQ codebooks

_p p N and investigate the loss in SINR performance. In partigular
Y=\ K (hywy) sp + Z VK (hyw;) 55 +\nf./ @ e derive the number of bits required to achieve an expected

signal i noise SINR performance with RVQ codebooks that suffers B
interference loss compared to the expected SINR performance with perfect
From [2), the SINR of thé&!" user is defined as CDI. We also briefly discuss the search complexity of the
guantization process with RVQ codebooks. Such calculation
SINR = |thk|2 require the RVQ assumption but give a clear indication of the
. =

) () . .
£ Zji_;k |hkwj|2 +1 order of the codebook size for other more practical schemes.



Consider a limited feedback system where the CDI precoding systems, unlike ZF precoding][33], the number of
guantized using an RVQ codebook of sixg, thus requiring feedback bits required if_{I1L6) does not dependpotf M =
b = log,(N.) feedback bits per user. Let us denote the selectédd andz = 3 dB, the number of bits required to obtain a half
RVQ codeword vector of sizd/ x 1 for the k" user ash;. of the perfect CDI expected SINR performancebig, = 99
For MF precoding with RVQ limited feedback, the expectetits i.e. a codebook of siz2% = 6.3383 x 10%°. Even to
SINR approximation for thé™ user, denoted b mﬁF , achieve a very low target where the signal '\rl)l(F)wer is equal to
can be approximated using the approach give [39]as the interference-plus-noise power, iE.[SINRk } — 1, the

- number of bits required is
£ [l ?]

— _MF
[ } #E {Zf;k Ihkhflﬂ +1 breq = —(M —1)logy (1 — —— ). (17)
LE |2 E [|BkBH|2} This is found by solving[{d5) with = 0 and 1 on the
= ~ Nk ., (9) right hand side. For example, fav/ = 100 and K = 10,
=B (I [* Zj;k K “ﬁkhﬂﬂ +1 using [IT) we haveéreq = 13.4701 ~ 14, which corresponds

) ~ to 16384 codebook entries per user. While the feedback
where the bar denotes the SINR resulting from the limiteg|,erhead with largell may be acceptable, the search for an

feedback RVQ CDI. Equatiori[9) comes from the indepenynropriate codeword within the codebook is very challeggi
dence between the amplitude and directiorhgf It is shown 5§ hecomes computationally infeasible dsincreases. The

in [22], that the expectatiofl [|hkth|2} is given by search complexity for the RVQ codebook quantization, given
by O(M25M), grows exponentially with largéZ. Therefore,
L) 271 ¢, (10) codebook-based limited feedback schemes are infeasible fo
M—1 massive multi-antenna systems. This serves as a motivation
where B(-,-) denotes a beta function. The quantityrepre- o seek a non-codebook approach for limited feedback MISO
sents the expected value of quantization errors.[In [33], &istems.
upper bound org is given by

¢ <omT, (11)

E “BkﬁkHF} =1-N.B (NCa

IV. LIMITED FEEDBACK WITH TCQ

In this section, we review basic concepts of TCQ based
Due to the independence between the unit norm vedigrs limited feedback MISO systems. Limited feedback schemes
andh;, the second expectation in the denominator[éf (9), Based on TCQ are recently gaining attention in massive MISO

E [Il_lkflfIQ — L andE [||hy]|2] = M. Substituting these FDD systems due to their reduced complexity compared to

expectations and{10) int8](9) gives the result the conyentional codebook approaches in searching for an
appropriate codeword.

E [ng ~ pg(1—-¢) _ (12) The quantization of CDI at the user is performed using

(K -1)+1 TCQ, which consists of two key components; a trellis and

At high SNR (p — o), (I2) becomes a source constellation. At t_he user, a trellis path that_sgive
the minimum squared Euclidean distance to the CDI is se-

lim E {mg':} ~ M(1 —5)7 (13) lected using the Viterbi algorithm. T_he input bit sequence
p—roo K -1 corresponding to the selected path is then fed back to the

since M = ¢K. The approximation for MF precoding with BS using a low-rate feedback link. At the BS, a convolutional
RVQ codebooks allows us to compute the number of bigoder is imp_lemented to deco_de the input bit sequence of the
required to achieve an expected SINR with RVQ which igath to obtain the corresponding output sequence. The butpu

z dB below the expected SINR with perfect CDI, i.e., sequence is then mapped to the source constellation tanobtai
MIF the quantized CDI at the BS. Thus, the decoder and encoder
E [SlNsz ] . ) {mﬁj _ (14) of the TCM scheme are used, respectively, to quantize and
1010 reconstruct a channel vector in the TCQ method. This is in
Substituting [(6) and(12) if(14) gives contrast to the role of decoder/encoder in a traditional TCM
b In this study, we rely on Ungerboeck'’s trellis structure dmel
1 —2m=—1 - :
pq P4 ( ) corresponding convolutional coder.

(15) The block diagram of the feedback process is shown in Fig.

[, where the perfectly estimated chanrelis quantized at a
Using [15) and solving for the number of feedback bitgser with thelN-state trellis decoder and source constellation,
required, we have using the Viterbi algorithm. The complexity of the Viterbi
; e algorithm isO(LN M), whereL is the total number of points
req = —(M —1)log, (1-107w). (18) in the source constellation anyl is the number of states in
Equation [I6) allows us to determine the number of bit§€ trellis. Note that, before implementing TCQ, the channe
required by RVQ codebooks to match the perfect CDI expectégctor is normalized to obtain CDI, such that,= h/|/h]|.

SINR performance with & dB loss. We note that in MF After implementing the TCQ, the input bit sequente, (of
length M) of the selected path is fed back to the BS, where

105 (p<K;<1>+1) L (K-1)+1
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it is decoded to recover the corresponding output sequence !
of length 20, using a convolutional coder. The output bit QPSK Constellation
sequence is then mapped onto the source constellation gy, 4: The convolutional coder corresponding to the 4estat
reconstruct the quantized channel vectbr, Consider an rate 1/2 Ungerboeck trellis. In this figurk, is the input bit
eXample with the QPSK constellation along with a trellis Sequence, Wh”éout,l andbout,Q are the Corresponding
structure havingN = 4 states. The QPSK constellation output bits for each entry of the input.
points are normalized by the number of transmit antennas,
M. The normalized QPSK constellation and the 4-state, ratgee m! channel entry. Equatior_(J18) can also be written
1/2 Ungerboeck trellis structure are shown in . 2 and Figecursively as[[17]
[3, respectively. The decimal numbers 0, 1, 2 and 3 (or 00,  (m) (1) = (m) (m)y 2
01, 10, and 11 in binary) represent QPSK constellation point Metriqp™™’) = metrio(p ) + R —outpi™ )7,
in Fig.[2. In Fig.[3, there are only two state-transitionsniro (19)
any given state. Each transition is mapped to a single QPgfere 1™ and p™ are them!" entries ofh and p™.
point, hence each channel entry lofwill be quantized with Tne solution to[[19) is obtained via a Viterbi algorithm that
one of the two BPSK sub-constellations represented by blagfnimizes the path metric. This enables us to determine the
and white circles in Fid.12. o quantized CDI for large antenna numbers in a piecewise
The main idea in TCQ encoding is to advance through gRanner. FigurEl4 shows the convolutional coder correspandi
N-state trellis, where then™ stage corresponds to the" 5 the 4-state rate 1/2 Ungerboeck trellis, used to recoetstr
antenna channel. At any particular stage, there will be onjye quantized channel at the BS.
N survivor paths in the Viterbi algorithm. We label the paths |, this paper, we assume that the TCQ scheme always starts
by their respective output symbols. For example, startiogif rom state 0. Therefore, it does not require the additional
the state 0 and .moving through all the paths in the treIIis. EBgQ(N) bits to be fed back to the BS indicating the start-
reach stage 3, gives\ total paths. At stage 3, each state willhg" state. Due to large channel dimensions, we are dealing
have two paths terminating at it. As illustrated in Hi§. 3, Wit a |ong trellis structure, therefore the quantizatioroes
have the following paths: [0,0,0] and [2,1,2] at state 00[]  associated with always starting from state 0 are not sigific
and [2,1,0] at state 1, [0,2,1] and [2,3,3] at state 2, ar ),  The performance of the TCQ based limited feedback
and [2,3,1] at state 3. o scheme depends on the constellation size with larger dimste
The pathp, = [2,1,2] terminating at state O correspondsjons giving smaller quantization errors. However, usiighbr
to the output vector, oups) = {\7—1\%, f—gﬁ, \;—%l from the order source constellations increases the feedback marhe
QPSK constellation in Figl]2 and the input bit sequence tlis paper, we also consider an 8PSK source constellatatn th
b = [1,0,0]. The user selects the best path from each state tieahsists ofL = 8 constellation points. The 8-state, rate 2/3
gives minimum squared Euclidean distance to the normalizedgerboeck trellis structure and corresponding convomnhati
channel vectoh. The path metric can be defined at thd" coder are shown in Fid. 5{a) and Fig. 5(b), respectively. The
stage as[[17] limited feedback TCQ method with an 8PSK constellation
L m = m is similar to QPSK constellation, where, with the 8PSK
metno(p( )) - Hh( = out(p( ))Hg' (18) constellation, each channel entry is quantized by 2 bits.
whereh(™ is a truncated normalized channel vector up to
V. PROPOSEDDIFFERENTIAL TCQ FOR TEMPORALLY
CORRELATED CHANNELS

In this section, we present the proposed differential TCQ
method for temporally correlated channels. The temporally
correlated channel is modeled by a first-order Gauss-Markov
process where the channel of th® user at timet is given
by al x M vector

Fig. 2: The normalized QPSK constellation points.
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guantization process follows the TCQ approach discussed in
Sectior1V. An exampﬂaof the proposed method with a QPSK
constellation for the first 3 stages and= 4 is shown in Fig.

[, where the first feedback at= 0 is illustrated at the top
with red dots representing the selected QPSK constellation
points at each stage for the selected path, 2]. At ¢t = 1,

the transformed QPSK constellation at each stage is shown
in the middle of Fig[® for the selected pajth 2, 1]. At any
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. given stage, the transformed QPSK constellation is ceditere
(a) 8-state rate 2/3 Ungerboeck trellis structure arou.nd the preV|ou§Iy S.eleCteq QPSK pO@nt: 0)’ with a

for 8PSK constellation. scaling factow,, (derived in Sectiol V-B). It should be stressed

[ that this proposed transformation of the QPSK consteliago

) achieved at both BS and user without sharing any additional
®—

information through the feedback link. The BS also transior
bin,2

the QPSK constellation after each feedback such that the new
! constellation at each stage is centered around the prdyious
"y | 8SK Constellation selected QPSK point.

Z_l

(b) Convolutional coder corresponding to 8-state rate 2/3 Stages (or antennas)

Ungerboeck trellis structure for 8PSK constellation.
QPSK points

Fig. 5: Trellis structure and convolutional coder for lipdt Normalized by 00 = 77
feedback TCQ with 8PSK constellation. Time, t = 0 input/output

Selected trellis
0

X Actual channel ;

sajeIs

hk [t] — Ehk [t _ 1] + 1— Eng [t], (20) ® Selected QPSK point] path attimet = ‘.
wherehy[t] andhy [t — 1] are the current and previous channel \ . ’ ¢
vectors for thek!" user, such thak ||| hy, [t]||2] =M, gilt]isa New set of scaled and rotated N ol
1 x M iid. CN(0,1) vector andhy[0] is independent of the e B = /T %6 T
gk [t]. The time correlation coefficient is denoted bywhere Time, t = 1 nput/output !
0 < e < 1. The channel is highly correlated when— 1, — O
whereas wher — 0, the temporal correlation vanishes and ,_ . < Selected trellis . w
the channel entries become independent over time. o setected apsk point| et : 3 5
The proposed technique uses the TCQ method discussed ! ' 3 3
in the previous section, to quantize the temporally coteela \ H ¢ ¢ ¢

massive MISO CDI after successively transforming (tran&ig. 6: An example of scaled and rotated QPSK constellation
lating and scaling) the source constellation following leagpoints att = 1 centered around the previously selected point
feedback interval. This repositioning of the source cdnste att = 0 for up to three antenna channels.

lation allows the feedback process to track the channel of

each antenna. We assume that there is only a single Vitelli 2D translation and scaling techniques

block at each user._Hence, unlike [17], we do not minimize The TCQ method for massive MISO channels uses the
the paths over multiple blocks of parallel coherent decodeyiterbi algorithm to quantize the channel and unlike con-
with different amplitude scalings and phase rotations,hés tyentional MISO systems, it does not maintain a codebook
offers limited gain. that is scaled and rotated to the desired location. Hence, we
A. Transformed source constellation at each stage introduce 2D translation and scaling transformations far t

nofn-normalized source constellation at each stage inéflestr

The basic idea in the propos_ed scheme Is to keep .traCkF—%r example, with the non-normalized QPSK constellation
the selected source constellation points at each treﬁlgestr[ i, —1,—j], in order to have the previously selected QPSK

and define a new constellation for the next feedback cente r?omt, 2t = 1] = @t — 1] + jbt — 1] at the center of the

a}round the prgwously selected constellation points. Iﬁer Yransformed QPSK constellation, the translation of tHe
first feedback interval, we use the TCQ method described @ébSK point.z; = a + jb, along with scaling by, is given

Section[1V. Starting with the second feedback interval, t [0]
source constellation points at timeare transformed for all y

the stages such that the previously selected source constel [a[t] 1 0 aft—1) 0, 0 0 a
lation points becomes the new centers of the transformed |j1| = |0 1 [t —1] 0 6, 0| [b], (21)
constellations at time¢ + 1. For example, all four points in 1 0 0 1 0 o0 1 1

the original non-normalized QPSK constellatidnyj, —1, —j]

are transformed ”?to new points using tranSIatlon_ and ma“ 2Due to the space constraint, we restrict to the example oftQR®Bistel-
methods, to be discussed. Apart from this modification, theion only.



wherei;[t] = a[t] + jb[t] is thei™ transformed QPSK point. over time asM increases. In order to track the slow varying

All points in the QPSK constellation are translated andestalchannels and to have the source constellation points ctoser

using [21). Note that scaling and translation are perforored each other for fine quantization, we ugel(28) as the scaling

the non-normalized QPSK points. value,d,,, for the source constellation, after the first feedback
In order to track them™ channel entryx(™), over time, interval, such that

the scaling factory,,, needs to be carefully designed, such

that 2(™) lies close to the transformed source constellation F— m(1 -~ 6), t>0. (29)

points. We can define the mean channel variation due to the M

temporal correlation for the:" antenna as the mean Euclidead he initial scaling factor for the source constellatiap, =

distance between the current and the previous normalizet/M, is used only for the first feedback interval. Following

channel values, that is the first feedback interval, the value used to scale the sourc
_ _ constellation for the remaining feedback intervalg,is Both
dmean=E Hh(m) [t —1] = R™[1] } ; (22) BS and user compute the scaling value[in (29) using the tem-
B(m) t—1] B(m) 1] poral correlation coefficient and the pumbc_ar of BS antennas.
[ T =11 b ] (23) We assume that perfect knowledgeedt available at the BS

and the user. The scaling parameter[in] (29) needs not to be
where (™[t — 1] and A(™)[t] denote them™ entry of the computed after each feedback interval as long as the tempora
channel vector&[t — 1] andh[t], respectively. Due to channelcorrelation statistic of the channel remains the same.

hardening caused by the large dimensionkf andh[t — 1], The proposed differential TCQ method for the temporally
Ib(f] 1 and [t 1“' approach 1, and thus correlated MISO channel does not increase the feedback
overhead and performance improvements are achieved via the
h(m)[ l_ W™ /M h(m)[t] (24) Systematic translation and scaling of the source contiteila
| [k ||2/M It is important to note that the NTCQ differential scherne][17

depends on two crucial operations: a) finding the null spéce o

This allows us to approximaté (23) as e
the temporally correlated channel vector before quartizat

Omean~ LE Hh(m) [t —1] — h™ [t]H and b) selecting the appropriate weights after quantimatio
vM In contrast, the proposed TCQ scheme relies solely on the

_ 1 E Hh(m) t—1] - (6h(m) [t—1]+v1- Egg(m) [t]) H transformation of the source constellation and does natireq

vM finding optimal weights, thus reducing the complexity. The
1 feedback overhead is also reduced in the proposed scheme
_ (m)rp _ _ _ _ 2,(m) p p ’
,/ME Hh =10 - L - g™l } ’ (25) as it does not have to feedback additional bits (for optimal
where g(™[t] denotes then™ entry of the vectorg[t], (the weights) to the BS.
same vector ag;[t] in (20)). DenotingR{hr(™[t — 1]} and VI. PROPOSEDTCQ FOR SPATIALLY CORRELATED
S{mE 1]}, ?R{g((m)) [t]} and %{gém;[t]} as the real and CHANNELS
L:naglnary parts ofv™ [t — 1] and g"™[¢], respectively, we In this section, we present a TCQ scheme to quantize
ave ) spatially correlated channels. In conventional MIMO syste
O 2 E|v/X2+ V2|, (26) the codebook design for a spatially correlated channel esifix
nenT M { } where codebook entries are directed towards dominant eigen
where vectors of the transmit correlation matrix [23]. For massiv
(m) 5 m) MISO systems, codebook based limited feedback techniques
X =1 =eR{p™[t - 1]} = V1 - eR{yg are not practically feasible. Therefore an alternate nteiko
and needed to quantize a spatially correlated channel. For this
purpose, an adaptive TCQ based limited feedback method is
YV =1-eS{n™[t-1]} = V1-e3{g"[t]}. (27) developed in[[17] that decorrelates the channel at the user
Since R{A™[t — 1]}, R{g™[H]}, S{h™]t — ]} and Pefore quantization. The drawback of this method is that it

3{g(™[1]} are independent and distributed according to tnguires the knowledge of spatial cprrelation matrix at the
normal distribution\V (0, 1/2), the random variableX andY transmitter. In .th's paper, the spatially correlated massi
are N (0,1 —¢). Therefore, we can defing = v X2 +Y?2 to MISO channel is modeled by

be Rayleigh distributed with scale parameter /1 — ¢, and h = hjgR'/2, (30)

the mean valug/1 — e,/ /2 [41]. We can thus rewritd (26)

as wherehjiq is al x M vector with entries distributed according
(1 —€) to CN(0,1). R is the transmit spatial correlation matrix.
oM (28) In this paper, we assume that entriesRf r;;, follow an

The mean channel variation includes the effects of bo%ponentlal correlation model [16]. [42]

temporal correlation and the number of transmit antennas at i = thij, (31)
the base station. It is noted that channel entries changayslo

Omean~
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gives the minimum mean squared error (MMSE) between the
entries of the fully correlated normalized channgl£ 1) and
the scaled source constellation, given by
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Fig. 7: Distribution of channel entries of the normalized 05501:

channel forM = 100 and different values of;. o
wherez; corresponds to thé" point in the source constella-

whered;; is the distance between the anterirand j. z; IS @ tjon. The solution that minimizes the MMSE ii{32) is equal
spatial correlation coefficient with < 2, < 1, where O repre- g the standard deviation of the channel entrieg, given by

sents no spatial correlation and 1 represents a fully ceel 1/+/M. Therefore, for the proposed method, we set the scaling
channel. We consider ULA and URA antenna topologies at th@rameter for the source constellation as

BS. The physical dimension of the one-dimensional ULA is ]
much larger than that of URA, therefore the latter is praatiyc 5y = ——. (33)
more suitable for massive MISO deployments. We constrain VM
the dimensions of the URA, such that for a given valué/bf The proposed method uses the TCQ method discussed in
the dimensions of the URA ar¢ M x v/ M. Sectiorf 1V to quantize the channal,in 30), where the source

In order to design a TCQ scheme for spatially correlatembnstellation (either QPSK or 8PSK) used is scaled,bgnd
massive MISO channels, we first analyze the impact;an is fixed across all the stages in the trellis. The block diagra
the distribution of channel entries. For this purpose, ve¢ file  of the proposed TCQ technique at the user/receiver is shown i
channel entries of the normalized spatially correlatechoeh Fig.[8. Note that as discussed in Secfioh IV Bid V, the channel
with M = 100, over a large number of channel realizationgector h is normalized before TCQ encoding. The channel
in Fig.[d, for various values of;. It is important to note that reconstruction at the transmitter follows the same procedu
Fig.[7 applies to both ULA and URA topologies./if?) is the discussed in Sectidn]V.
i™ element ofh/||h|| and h() is the i™ element ofh, then  Unlike [17], the proposed method does not decorrelate the
in the i.i.d. caseq; = 0), |h®|2 = |h®|2/ 2 |hl)|2 and channel at the user in order to quanttgg, instead it directly
since eachh")|? is a standard exponentiah(?|? has a Beta guantizes the channdi. Therefore, the proposed method,
distribution. Hence, the amplitude 6f? is the square root of unlike [17], does not require the knowledge of the correfati
the a Beta variable with rangé,< |(?| < 1. Since the phase matrix at the transmitter to reconstruct the correlatechokg
of h() is uniform on 0, 2x], it follows that the normalized hence reducing the feedback overhead of additional informa
channel entries are isotropic, as shown by the circulaepatt tion to the transmitter. The performance of the proposed TCQ
in Fig. [@. At the opposite extreme, when = 1, we have scheme for spatially correlated channels is demonstrated i
perfectly or fully correlated entries. Denoting teelement of - Section[ VIl with both ULA and URA topologies.
the fully correlated channel by?, whereﬁgf) = hy Vi, then VII. BEAMEORMING GAIN

B2 = [hP)2/ oM (P2 = 1/M. Hence, forzy = 1, The performance of the TCQ based limited feedback tech-

the channel entries lie on a circle of radilsy/M, as shown niques proposed for temporally and spatially correlateaheh

in Fig.[@. Clearly as:; varies from 0 to 1, the channel entrynels presented in Sectiéd V and Secfionh VI, respectively, ca

distribution changes from a circular spread with randoniusd also be evaluated in terms of the average beamforming gain.

to a fixed circle of radiud /v/M. The beamforming gain of the MISO system at timdor any
From Fig.[T, we also make the following observatiorsingle user, is defined as [17]

As, the value ofz; increases, the distribution of entries of ~

the normalized spatially correlated channel shows lessaspr BF = ‘h[t]hH[t]

compared to i.i.d. Rayleigh channelg & 0). However, this . . - o
trend is mainly visible for high values of, such that, — 1. Where the beamforming vector is denoted laywhich is the

Even with z; = 0.9, the spread of the normalized channefuantized version of the CDI, such thgi|| = 1. The average
entries is similar to the; = 0 case. beamforming gain can be expressed as

Motivated by these observations, we propose a TCQ scheme
for highly spatially correlated MISO channels, where westl

, (34)

‘ 2

E[BF| = E Uh[t]ﬁH[t]f] — ME Uﬁ[t]ﬁH[t]ﬂ . (35)



The average beamforming gain in35) is evaluated numeri-1) Beamforming gain:We use the average beamforming

cally and used as a performance metric in Sedfion] VIll.  gain metric [17] defined in[(35) to evaluate the performance
VIIl. N UMERICAL RESULTS of a MISO system. Fig:]9 shows average beamforming gain

results against 100 feedback blocks (size of each block is

In this section, we present simulation results for the pre- ms) for the user velocity = 3 km/h (€ = 0.9881) with
posed differential TCQ scheme and the proposed spatiatty Qs — 100 and M — 200. The proposed differential scheme

related TCQ scheme in massive MISO systems. We comp : : :
the performance of the proposed schemes with the diﬁ@enai%\ldizoagag))&mie%é \(,jvﬁhgzmQC;ng ?:rf: Slgltrgrjotrggth
{\lTCQlantd t?: adap;twe NTCth?ﬁhmques d[17]'h|n ordea{verage beamforming gain with the 8PSK constellation is
0 evaluate the performance of theé proposed schemes, IWSher than the QPSK constellation because the former uses

consider three types O.f channels: the temporally cordla bits to quantize each antenna channel, resulting in smalle
channel [2D), the spatially correlated chanrell (30) and t 8 antization errors

standardized WINNER 11 channel. In the case of a M It is important to note that the proposed scheme requifes
MISO system we assume a constant rajie- M/K = 10, . and 2M feedback bits with QPSK and 8PSK constellations,
unless stated ?therW|se. The temporal correlation coeffici respectively, whereas an additional 4 bits are requiredhén t
¢, follows Jake’s model, such that= Jo (27 fuT'), WhereJo e rantial NTCQ method[17] to equip the BS with optimal
g thel ze;oth order Bess?" function of the first k"m_’ IS a weights, increasing the total number of feedback bitd/te-4
Oppier Trequency and’ is th_e chann_el feedback mterval.and 2M + 4 for QPSK and 8PSK, respectively. Thus, in
\I/:/]hit:rllsisptap?r’ ”the fededbackl mtervr::ll IS ?et o = 5f'E;_ addition to the improved beamforming gain, the proposed
ypically used to evaluate the per ormance o "' method also reduces the feedback overhead.
feedback systems. Generally, the feedback interval isesst | 2) MU spectral efficiency and SINR performandar MU

than the coherence time of the channel, so that the BS g O systems, we use ZF precoding and MF precoding to
adequatg time to compute beamforming vectors for th? useégmpute average SINR and spectral efficiency results. Figs.
The carrier frequency i.5 GHz. Although, in practical and TO() show the average spectral efficiency versus

settings, the feedback links are lossy with delays, in otderfeedback interval for a MU massive MISO systempat 10
focus the study on the performance of the CDI quantizati% with M = 100 andv = 3 km/h (¢ = 0.9881) with QPSK

gr(l)ces_s, tWhe a;surln?_ that tlr:]e fee?pack link IS IosslI)est\?vwm tZSnd 8PSK constellations, respectively. ZF precoding autpe
€lay in the simulations. For a fair comparnson bEWeen g, o \r precoding in the temporally correlated channels. W

proposed schemes and the NTCQ schernes [17], the so g
constellations used are QPSK and 8PSK wih— 4 and WUfo note that the spectral efficiency performance of the pro

N = 8, respectively. A single block of the trellis decoder is 70
considered at the receiver.

In the figures, we refer to the differential NTCQ method
of [17] for temporally correlated channels as “Diff. NTCQ".
The proposed differential TCQ method is referred to as “Prop
Diff. TCQ". Similarly, for spatially correlated channelse
refer to the proposed TCQ scheme as “Prop. spatial corr.” and
the adaptive NTCQ scheme in]17] is referred as “Adaptive
spatial corr.”.
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100

posed scheme exceeds that of the differential NTCQ method. '
| | —o—Difi. NTCQ

Although, the NTCQ scheme takes less feedback intervals to
reach the maximum beamforming gain, the proposed scheme
starts to yield better performance as the number of feedback
intervals increases. In Fig. 10(a), the proposed difféaént
TCQ scheme provides nearly 13 bps/Hz and 2 bps/Hz average
spectral efficiency gains compared to the differential NTCQ
method with QPSK constellation, for ZF and MF precoding
schemes, respectively.

A similar trend is seen in Fi. T0(b) with 8PSK constellation N A R R
for ZF precoding, but for MF precoding, the performance gap 05 33 R oboweenmand®y 2 1!
between the proposed differential TCQ scheme and the NTC
scheme decreases. As the velocity increases-td km/h, the
variations in the channel also increase which leads to aghigh
spectral efficiency loss with ZF precoding, as seen in[FigajL 1

and Fig.[TI(H). However, the spectral efficiency resultdiwit 5 | v 1 oth schemes have the same performance.
MF precoding remain stable as velocity increases. A similarFi ’ . .

. I - gure [I3 shows the average spectral efficiency against
trend is seen in Fid. 12{a) and Flg. T3(b), for= 7 km/h. different values ofq for the proposed differential TCQ and

The proposed differential TCQ scheme exhibits higher $plECtdifferential NTCQ schemes using a QPSK constellation with
efficiency loss at high velocities compared to the diffeignt

NTCQ scheme with ZF precoding, but still performs better TABLE I: Average spectral efficiency of the proposed

than the differential NTCQ scheme. Table | shows the averagéferential TCQ scheme and the differential NTCQ scheme.
spectral efficiency of the proposed differential TCQ and the
differential NTCQ scheme for various speed values with ZF v=3kmh [ v=7kmh | v=13kmh
precoding and QPSK constellation. The proposed diffeaénti €=09881 | €=09363 | €=0.789
TCQ yields better average spectral efficiency for slow speed | Prop. Dift. TCQ | 60bps/Hz | 52bps/Hz | 39 bpsiHz
compared to the differential NTCQ scheme. However; at Diff. NTCQ 50 bpsiHz | 47bpsiHz | 39 bps/Hz

©
S

80

70 -

60 -

50 -

Average spectral efficiency (bps/Hz)

40 |-

(Izig. 13: Average spectral efficiency for variogs= M /K
values with QPSK constellatiody/ = 100 and
e =0.9881 (v =3 km/h).
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Fig. 14: CDF of the SINR for an arbitrary user with QPSKFig. 15: Average beamforming gain for different valueszpf
constellation,M = 100 ande = 0.9881 (v = 3 km/h). with M = 100.

M =100, v = 3 km/h andp = 10 dB. The proposed scheme
achieves better spectral efficiency than the differentiaCQ
scheme, as the former yields less quantization error. kén s
that as more users are added in the system, the performance
gain with the proposed scheme increases compared to the
differential NTCQ scheme.

The per user SINR cumulative distribution function (CDF)
is shown in Fig'I¥ ap = 10 dB with a QPSK constellation.
For ZF precoding, the SINR CDF of the proposed differen-
tial TCQ scheme has a long-tail. This is because the basic . | | | |
TCQ method (discussed in Sectibnl IV) is used for the first 10 200 a0 800 800 1,000
Ei,dplfmk yielding lO.W SINR performance, but with time th_e Fig. 16: Average beamforming gain for different values of

performance improves using the proposed differential M with 2 — 0.99 and ULA

TCQ method. The SINR CDFs confirm the spectral efficiency ¢ ’ '

results i.e., the mean SINR of the proposed differential TCQt is important to mention that the proposed scheme does

scheme is greater _than the differential NTCQ method_ for boE@t require any knowledge (perfect or partial) of the traitsm
ZF and MF precoding schemes. For example by looking at t Grrelation matrixR, at the transmitter. On the other hand, it

median values of SINR CDFs with ZF precoding in Eig 145 assumed in[17] that perfect knowledgeRfis available at

the difference between median SINR values for the proposgd {.onsmitter Unlike[[17], the :
. . , proposed spatially clarted
scheme, SINRop, and the NTCQ scheme, SiNicq, is4 [dB] TCQ scheme quantizes the channel without decorrelating the

oronta:in?fgr_scale, S”\b%pl :t'2.5tx S(;_'f\_erNTCtQ_’ :N’t:'_l?g giviiz spatially correlated channel. It is also noted that the ULA
spectral efliciency gain refative to ditterentia Qs provides higher beamforming gain compared to the URA.

SINRyyo, .
as K logy(1 + SINRyrop) — K'logy(1 + ). In FiglI4, Tis'is due to the fact that the URA induces higher spatial
for ZF precodl_ng, the median value of SINB’_ is 18.5 dB orrelation in the channel than the ULA, thus resulting in
and SINRirco is 14.5 dB, therefore, the gain in the S_pecnafeduced beamforming gain. We plot average beamforming gain
efficiency rglatlye to the_d|ffer.entlz?\l NTCQ schemeli&.37 in Fig. I8 for different values of\/ with fixed z, — 0.9,
bps/Hz, which is also evident in Fif. T0(a). At higher values ofM, the gain of the proposed spatially
B. Spatially correlated channels correlated TCQ scheme is approximately 0.5 dB and 1 dB

For spatially correlated channels, we use the channel mofigher than the adaptive TCQ scheme, with QPSK and 8PSK
in (30) and present the performance of the proposed spatidiPnstellations, respectively.
correlated TCQ scheme (discussed in Secfioh V1) for MU 2) MU spectral efficiency performancé@he average spec-
massive MISO systems. We consider both ULA and URK@! efficiency of the MU MISO system is shown in Fig]17 for
antenna settings, as discussed in Sedfidn VI. the proposgd spatially correlated TC_:Q scheme \Mth: 1QO,

1) Beamforming gain:In Fig. I3, we compare the pro-?t = 0.9 using the SPSK constellation. ZF pre<_:od|ng is used
posed spatially correlated TCQ scheme and the adaptive TEQCOMPUte precoding vectors at the BS. It is noticed that
technique [[I7], in high spatially correlated channels,hsuéhe spatial C(_)rr_elatlon reduces the spectral _efﬂmencyheft
that =, — 1. The comparison is performed in terms of thd CQ based limited feedback system. Also, interference due
average beamforming gain for QPSK and 8PSK constellatioffs he guantization process is a limiting factor that causes
with ULA and URA. It is seen in FigC15 that the propose&he ;pectral efficiency to _saturate at high SNR values: Du.e
spatially correlated TCQ scheme performs slightly betiant to higher numbers of adjacent antennas, the correlation in

the adaptive TCQ with both QPSK and 8PSK constellationd1® URA is higher compared to the ULA, which results in a
reduced spatial separation between users. Therefore, tee no
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Fig. 17: Average spectral efficiency performance againstFig. 18: Average beamforming gain versus feedback interval
different SNR values foil = 100, ¢ = 10 and z; = 0.9. with M = 100 for e = 0.9987 (v = 1 km/h).

that the ULA provides significant improvement in the spédctra |n this paper, we have proposed efficient TCQ schemes to
efficiency compared to the URA. The dominance of ULAyuantize temporally correlated channels in a massive MISO
compared to other antenna topologies, in terms of the slec#DD systems. In the proposed differential TCQ scheme, we
efficiency, has also been noted in [2]. [43]5[45]. transform the source constellation at each stage in astrelli
C. WINNER Il channels separately, such that the resulting constellation is cedte

We also evaluate the performance of the proposed diﬁ&r_ound the previously selected const_ellation point at W{
ential TCQ scheme in the standardized WINNER channifular stage. Congequently, we have introduced 2Dtrausla.
model [46]. The WINNER Il channel model is based on imrand scaling t-echnlques to transform the source constailati
Advanced (M.2135) channel model recommended by ITU-ﬁé\./e have derived the scaling factor that exploits the tenipora
For the WINNER Il channel, we usd/ — 100 transmit correlation present in the channel and scales the constella

antennas in a ULA setting with.5) spacing between them,t'on accordingly for the given number of BS antennas and

where A denotes the wavelength of the carrier frequency. V\tlghe terr:poral correlation coerf;ﬂ(gen:; Forhspatlallyl cmatet;l] |
consider an urban macro (UMa) scenario with non-line-of:1aNNe's, We propose a method where the correlated channe

sight (NLoS) propagation. The carrier frequency2is GHz Is quantized using TCQ approach. The advantage of quagtizin
and the velocity of the receiver is — 1 km/h. For the the correlated channel directly without using decorrelatt

parameters discussed above, we generate a WINNER I MI% receiver is that the transmitter can reconstruct ther-qua
channel and plot the average beamforming gain for the nrass'i@ed channel without requiring the knowledge of the spatia

MISO system with both QPSK and 8PSK constellations. A rrelation matrix. Finally, we have shown via simulations
the WINNER Il channel model is both temporally and spatiallgfat proposed TCQ methods outperform the existing NTCQ

correlated, we rely on the differential TCQ scheme (disedss ethods for both temporally and spatially correlated cletsn

in Section[IV) to keep track of the channel entries OV{Ly improving the spec_tral efficiency and beamforming gain of
time. Assuming that the velocity and Doppler frequency i € rs]ystem anddredﬁcmg the feedbéa_i:k l(g)verheao(lj q
perfectly estimated at the receiver, we compute correspgnd The proposed schemes can readily be extended to MIMO

temporal coefficient, as defined in FOGM channels, in ordefhannels. One possible sqlutlon Is to quantize each rent_ewe
to evaluate the scaling parameter for WINNER || channel@ntenna channel vector using TCQ approach. The extension to

The result shown in Fig_18 has a similar trend to that of t assive MIMO will linearly increase the feedback overhead

temporally correlated channel generated with the firseord y the amount equal to the number of receive antennas. The

Gauss-Markov process. This validates the performanceeof t CQ schemes_ are also applicable to the s_ingle stream massive
proposed differential TCQ scheme in real-world channels. MIMO transmission, howeve.r, some deta|I§ of th.e procedure
would need to be adjusted in this scenario. This is left for
IX. CONCLUSION

future work
One of the major advantages of the TCQ technique is APPENDIX

that the selection and searching of the appropriate coakwor
becomes simpler using the Viterbi algorithm. For MU trans-
mission, we have shown that RVQ codebooks require very £ |hpwy|?
large numbers of codewords in a massive MISO system that £ Z]I,;k hew;|? + 1
increases the search complexity for the appropriate codewo ) ) ,
enormously. In doing so, we derived the expected SINR agSind the approach given i [39] to evaluate the expectation
proximation for the MF precoding scheme with RVQ CDI, an§Ve’ numerator,4, and denominator3, where both are
used the expected SINR approximation to compute the numtfi'é'i’cuons of the same random variables, ahtl — oo, we

of bits required to achieve an expected SINR performande wfan write (36) as , )
RVQ codebooks which is dB below the expected SINR with E [SINR,] ~ E]E [ wi| ]2 .
perfect CDI. £ B [lhew; ] +1

The expectation of the SINR ifi](3) can be written as

E[SINR,] = E —F {%} (36)

(37)




For MF precoding with perfect CDI, we hawe, = hif and
the expected SINR approximation for th# user becomes

LE [||hg|*] E [[hihf’?]
LE[|[hg]2] XK, E [[hsh 2] + 17

(38)

E [S|NR',3F] ~

where we use the fact that amplitude and d_ire_ctiorhpfare
independent. IN[(38)E[||h;||*] = M and E[|h;h}/?] = 1.

Also, the quantityE[[hyh!’?] =

77> as hy and h; are

independent unit norm vectors. Therefore, we get
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(31
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