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ABSTRACT This paper introduces a codebook-based trellis-coded quantization (TCQ) approach utilizing
K-means clustering, designed specifically for massive multiple-input multiple-output systems. The proposed
TCQ scheme follows the structure of conventional TCQ, quantizing channels through a trellis and source
constellation to minimize latency. The performance of channel quantization significantly depends on the
chosen source constellation. The conventional TCQ scheme, using a fixed set of constellations as source
constellations, imposes limitations on beamforming gain performance. In our proposed TCQ scheme,
we employ a codebook to utilize a set of constellations tailored to the channel environments as the
source constellation, aiming for enhanced beamforming gain performance. This approach leads to a
slight increase in feedback overhead. The codebook’s constellation sets are generated by determining
centroids through K-means clustering of channel elements and mapping them to high-order quadrature
amplitude modulation constellations. Simulation results demonstrate that our proposed TCQ scheme, with
a comparable computational complexity, shows the improved average beamforming gains compared to the
conventional TCQ scheme.

INDEX TERMS Limited feedback, massive MIMO system, trellis-coded quantization (TCQ), URLLC, K-
means clustering.

I. INTRODUCTION
For new applications with strict reliability and latency
requirements such as intelligent transportation, aug-
mented/virtual reality, and industrial automation, the fifth-
generation (5G) New Radio (NR) standard provides ultra-
reliable low-latency communications (URLLC) service
category [1]. The physical design of URLLC is a challenging
problem because it requires simultaneous consideration of
conflicting factors of reliability and latency. In this regard,
the third generation partnership project (3GPP) Release
15 defines the requirements for the transmission 32-Byte
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payloads with a latency of 1 ms and a reliability target
of 10−5 for URLLC design [2]. To support new industrial use
cases requiring lower latency, Release 16 defines the further
enhanced URLLC requirements with a latency of 0.5 ms and
a reliability target of 10−6 [3].

Massive multiple-input multiple-output (MIMO) systems
equipped with a large number of transmit antennas in a
base station (BS) can improve spectral efficiency and energy
efficiency [4], [5]. In particular, the use of large numbers
of antennas with channel state information (CSI) in BS can
acquire a significant array gain through beamforming [6].
In the frequency-division duplex (FDD) systems, the BSmust
be fed back downlink CSI from the user equipment (UE)
to uplink channel. Since it is difficult to feedback the entire
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massive CSI due to the limitation of uplink channel capacity,
channel quantization with lower feedback overhead and
higher beamforming gain plays an important role for FDD
massive MIMO systems.

Various channel quantization schemes have been intro-
duced for FDD massive MIMO systems [7], [8], [9], [10].
The random vector quantization (RVQ) is a codebook-based
channel quantization scheme where the distance between
randomly generated unit-norm vectors is maximized [7], [8].
In order to reduce quantization errors, the RVQ scheme
increases the number of codewords as the number of transmit
antennas increases, making the computational complexity
of an appropriate codeword search infeasible. The trellis-
coded quantization (TCQ) scheme has been proposed to
perform channel quantization with low complexity [9], [10].
In the TCQ scheme, the channel is quantized into codewords
on the trellis path with a source constellation, which can
perform channel quantization with a linearly increasing
computational complexity as the number of transmit anten-
nas increases. Although this scheme can perform channel
quantization with low complexity, it can not actively cope
with channel situations by using a fixed source constellation,
resulting in performance limitations. To flexibly copewith the
channel situation, the differential TCQ schemes in [11] have
been proposed for the temporally and spatially correlated
channels by using the source constellation considering
the correlation effect. However, this technique results in
significant performance loss in environments with low
channel correlation, such as fast time-varying channels. From
a URLLC perspective, channel quantization is required to
achieve high beamforming gain while minimizing computa-
tional complexity rather than lowering feedback overhead to
achieve low latency and high reliability requirements.

Motivated by the above, in this paper, a codebook-
based TCQ scheme using K-means clustering is proposed
for massive MIMO systems. The proposed TCQ scheme
adopts the structure of the conventional TCQ scheme in [10]
for low latency, except for the source constellation setting
constituting the trellis to improve reliability. That is, the
proposed TCQ scheme focuses on maximizing beamforming
gain performance and minimizing additional computational
complexity compared to conventional TCQ scheme in [10]
by adding a small number of overheads. The proposed
TCQ scheme selects the source constellation based on the
codebook to utilize the various source constellations suitable
for the channel environments, and additional feedback bits are
required to deliver the selected codeword information. The
codebook is designed in advance through a channel training
process according to the channel environment, and this
process is performed when the statistical characteristics of
the channel change. Each codeword consists of a combination
of high-order quadrature amplitude modulation (QAM)
constellations close to the centroids generated through
K-means clustering of massive channel elements. Among
various generated codewords, a codebook is constructed in
consideration of additional feedback overhead by grouping

FIGURE 1. Block diagram of the conventional and proposed TCQ schemes
using 8 constellation points as the source constellation.

codewords that occur frequently and have a large distance
between constellations in the codeword. By operating TCQ
based on codebook-based source constellations suitable
for the channel environment, the proposed TCQ scheme
significantly improves beamforming gain without increasing
computational complexity compared to the conventional
TCQ scheme, except for the training process for codebook
generation in advance.

The remainder of this paper is organized as follows.
In Section II, the system model is introduced. In Section III,
the conventional TCQ scheme is briefly reviewed, and the
proposed TCQ scheme is introduced in Section IV. The
performance of proposed TCQ scheme is evaluated in
Section V. Finally, Section VI summarizes the results of this
study.

II. SYSTEM MODEL
We consider a MIMO channel with Mt transmit antennas at
the BS andMr receive antennas at the UE as shown in Fig. 1.
The received signal y ∈ CMr×1 can be modeled as

y = HFx + n, (1)

where H =

[
hT1 , . . . , hTMr

]T
is a Mr × Mt MIMO channel

matrix, hr ∈ C1×Mt denotes the r th receive channel vector,
F =

[
f T1 , . . . , f TMt

]
is a Mt × Mt precoding matrix, fp ∈

C1×Mt denotes the pth beamforming vector, x ∈ CMt×1 is the
transmitted symbol vector, and n ∈ CMr×1 is the complex
Gaussian noise. In this paper, for simplicity of expression,
channel feedback is considered only for single multiple-input
single-output (MISO) channel h that omit the index symbol r
of hr . In addition, a vector f corresponding to the MISO
channel h in F is considered as a beamforming vector by
removing the index symbol p of fp. For the MISO channel h,
three different channels are considered: an independent
and identically distributed (i.i.d.) Rayleigh fading channel,
a spatially correlated channel, and a temporally correlated
channel.

The i.i.d. Rayleigh fading channel is modeled by

h = hiid , (2)

where hiid is a 1 × Mt vector with entries distributed
according to CN (0, 1). The spatially correlated MISO
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FIGURE 2. Example of input/output state transition of Ungerboeck trellis
with B = 2.

channel is modeled by

h = hiidR
1
2
T , (3)

where RT is a transmit spatial correlation matrix. For
a spatially correlated channel, the exponential correlation
model [13] is used as

[RT ]p1, p2 = ρ|p1−p2|, (4)

where [·]p1, p2 denotes the matrix element at the p1th
row and the p2th column and ρ is the correlation fac-
tor with 0 ≤ ρ ≤ 1. As the spatial correlation increases,
ρ approaches 1.
The temporally correlated channel in the kth fading block

is modeled by a first-order Gauss-Markov process [14]
written as

h [k] = ηh [k − 1] +

√
1 − η2g [k] , (5)

where g [k] is a 1 × Mt vector with entries distributed
according to CN (0, 1), and h [0] is independent of g [k] for
all k . The temporal correlation coefficient is denoted by η

with 0 ≤ η ≤ 1. η approaches 1 as the channel has a higher
temporal correlation and η approaches 0 as the channel has a
lower temporal correlation.

III. CONVENTIONAL TCQ SCHEME
As shown in Fig. 1, the conventional TCQ scheme [10] using
a trellis with a source constellation quantizes the channel
through the decoding process at the UE and the encoding
process at the BS, enabling low complexity formassiveMISO
channel feedback compared to the codebook approaches.
The source constellation is composed of 2B+1 constellation
points, where B is the number of quantization bits per the
feedback channel. In [10], quadrature phase shift keying
(QPSK), 8-ary phase shift keying (8-PSK), and 16-QAMwith
B = 1, 2, and 3, respectively, are considered as the source
constellation. For the trellis, the Ungerboeck rate B/(B + 1)
convolutional codes in [12] are adopted. The example of
the input/output state transition of the trellis corresponding
to the convolutional codes when the source constellation

is 8-PSK (B = 2) is shown in Fig. 2. For the detailed descrip-
tion of the trellis with input/output transitions, see [12].

At the UE, through the decoding process with Mt -stage
trellis, a trellis path with minimum Euclidean distance to
the normalized channel vector h̄ = h/ ∥h∥ is selected by
employing Viterbi algorithm, and an input bit sequence b
representing the selected path is generated. Let h̄t be the
truncated vector of h̄ up to the first t entries (1 ≤ t ≤ Mt )
and out (pt) be the sequence of output constellation points for
a given path pt , where pt is the trellis path up to the stage t .
Then, the path metric m (·) can be defined as

m (pt , θ) =

∥∥∥h̄t − ejθout (pt)
∥∥∥2

= m (pt−1, θ) +

∣∣∣h̄t − ejθout ([pt−1 pt ])
∣∣∣2, (6)

where θ ∈ [0, 2π), and h̄t and pt are the tth entries of h̄
and pt , respectively. The path metric is calculated in parallel
for the quantized values of θ ∈ 2 =

{
θ1, θ2, . . . , θ2T

}
,

where T is the number of quantization bits for θ . The best
path pbest ∈ PMt and the phase θbest ∈ 2 which minimize
the path metric m

(
pMt , θ

)
can be obtained through the

Viterbi algorithm, where PMt denotes all possible paths up
to stage Mt . Then, the input bit sequence b is generated by
mapping binary input stream corresponding to the selected
path pbest . Then, the total feedback overhead bit is defined
as Btot = B · Mt by fixing the first state at t = 0 for
each feedback channel as in [10]. It is important to point
out that, as explained in [10], minimizing over θ incurs no
additional feedback overhead because the transmitter does
not need to know the value of θbest during the beamforming
vector reconstruction process.

At the BS, through the encoding process, an output
sequence corresponding to the input bit sequence is recon-
structed, and quantized channel copt is obtained by mapping
the generated output sequence to the source constellation by
out (pbest). Finally, the beamforming vector f is computed as
copt/

∥∥copt∥∥2.
IV. PROPOSED TCQ SCHEME
In this section, we present the proposed TCQ scheme for
URLLC in massive MISO systems. In order to achieve
high reliability, the proposed TCQ scheme focuses on
improving beamforming gain performance by adding a small
number of overhead bits compared to the conventional
TCQ scheme [9], [10]. Also, for low latency, the proposed
TCQ scheme basically adopts the conventional TCQ
scheme structure using θ for path metric calculation in
parallel, but the source constellation used to construct
trellis is somewhat different. Unlike the conventional TCQ
scheme which utilizes whole source constellation points
of QPSK (B = 1), 8-PSK (B = 2), or 16-QAM (B = 3),
the proposed TCQ scheme constitutes source constella-
tion by selecting 4 (B = 1), 8 (B = 2), or 16 (B = 3)
constellation points out of the higher-order Q-QAM
constellations depending on the channel environments.
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FIGURE 3. Example of quantization for the source constellation to
32-QAM constellations based on K-means clustering with B = 2
and Mt = 32.

(Q > 2B+1) To select 2B+1 source constellation points
suitable for the channel environment out of the higher-
order Q-QAM constellations, the K-means clustering
algorithm [13], [14] is used. To enhance beamforming gain
performance while avoiding additional feedback overhead
required to deliver the selected source constellation points,
we propose to employ a codebook consisting of the
selected source constellation points tailored to the channel
environments. For effective source constellation generation
and utilization, the proposed TCQ scheme includes three
detailed techniques: quantization for source constellation to
high-order QAM constellations, set partitioning and source
constellation codebook design.

A. QUANTIZATION FOR SOURCE CONSTELLATION
TO HIGH-ORDER QAM CONSTELLATION
The proposed TCQ scheme performs channel feedback
through the source constellation selected in high-order
Q-QAM constellations (Q > 2B+1) rather than the fixed
source constellation. The use of highQ enables more accurate
representation of the channel, but it increases feedback
overhead. One possible way to reduce the feedback overhead
is to represent each channel element of h̄ using 2B+1

constellation points selected from Q-QAM constellations.
To select 2B+1 constellation points tailored to channel
environments among Q constellations, we apply a clustering
approach that separates channel elements into 2B+1 clusters.
The K-means algorithm is an iterative algorithm that divides
a data set into K non-overlapping clusters in which each data
point belongs to only one group [13], [14]. Fig. 3 shows
an example of quantization for the source constellation to
32-QAM constellations based on K-means clustering with
B = 2 and Mt = 32. The purpose of quantization
for the source constellation is to select 2B+1 constellation
points from Q-QAM constellations representing Mt channel
elements constituting h̄. First, by using K-means algorithm,
a set Sc containing 2B+1 centroids is produced by dividingMt

FIGURE 4. Example of set partitioning for quantized centroid Sq with
B = 2 and Mt = 32.

channel elements of h̄ into 2B+1 clusters as shown in Fig. 3.
Then, after Q-QAM demodulation of Sc, a set Sd containing
the demodulated centroids with Q-QAM constellations can
be obtained for the source constellation. If Sd contains
2B+1 constellation points, the quantized centroids Sq is set
as Sd . However, fewer than 2B+1 constellation points may
be selected for Sd if demodulation process quantizes more
than one centroids in Sc to a single constellation point in
Q-QAM constellations. In this case, Sq is constructed to
have 2B+1 constellation points by adding Sd to 2B+1

− |Sd |
constellation points with the closest distance among Q-QAM
constellations from Sd . As shown in the example of Fig. 3,
Sq with 8 constellation points is created by adding one
additional constellation point to Sd containing 7 constellation
points.

B. SET PARTITIONING
Tomap the quantized constellations Sq onto trellis, we present
the process of set partitioning to maximize the free distance
dfree for the rateB/(B+1) convolutional codes in [12] asmuch
as possible. Deriving optimal constellation points mapping
onto trellis, which maximizes dfree under a combination of
Sq in all cases, results in a computationally large complexity.
To map constellation points onto trellis with low complexity,
we consider a symbol mapping method that can enlarge dfree
by only considering the distance between path outputs to
each state rather than the distance between the entire paths.
As shown in Fig. 2, we can observe the feature on trellis
that the path outputs to the odd states are all even numbers
(0, 2, 4, 6), and the path outputs to the even states are all
odd numbers (1, 3, 5, 7). Based on this fact, we consider
set partitioning of all path outputs into two sets, Seven =

{0, 2, 4, 6} and Sodd = {1, 3, 5, 7}. We map the symbols
belonging to Sq to the constellation points by dividing the
symbols into Seven and Sodd , and set the minimum distance δ

between symbols belonging to Seven and Sodd to exceed dmin,
where dmin is theminimum distance ofQ-QAMconstellation.
Fig. 4 shows the example of set partitioning for Sq with
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FIGURE 5. Source constellation codebook design process for channel
training.

B = 2 and Mt = 32. Through set partitioning, a set
Sp obtained by mapping the constellations in Sq into sets
Seven and Sodd maximizes the Euclidean distance of each set,
resulting in enlarging dfree.

C. SOURCE CONSTELLATION CODEBOOK DESIGN
The proposed TCQ scheme needs to deliver the source
constellation based on Sp according to the channel environ-
ments to the BS, which requires additional 2B+1

· log2Q
bits transmission for every channel feedback. When B = 2
and Q = 32, additional 40 bits are required for the source
constellation delivery, which requires a method of delivering
source constellations with less overhead. One possible
way to avoid delivering the source constellation every
channel feedback is to utilize a codebook constituted by
the most frequently observed source constellations. As a
result of observing the pattern of variously generated source
constellations Sp, the sets of the constellation points S(l)p
for l = 1, · · · ,L that occur frequently depending on the
channel environments were observed, where L is the number
of the candidate sets of the constellation points. In order
to efficiently deliver the source constellation to the BS,
the proposed TCQ scheme constructs a source constellation
codebook with 2F frequently occurring constellation patterns
among S(l)p for l = 1, · · · ,L, and transmits the selected
source constellation to the BS using an additional F bits
for every channel feedback. This overhead can be further
reduced by transmitting the source constellation to the BS
only when UE initially selects a source constellation or a new
source constellation is selected due to a change of wireless
channel characteristics such as spatial/temporal correlations.
This additional F bits are not transmitted for every channel
feedback, but could only when a codebook suitable for the
channel is initially selected or an appropriate codebook is
selected as the channel characteristics change. The source
constellation codebook design process is performed only
during the channel training, and the codebook WF ∋ S̃(l)p
for l = 1, · · · , 2F is shared with the BS and UE after the
codebook is created as shown in Fig. 5, where S̃(l)p is the l-th
constellation set arranged in descending order of occurrence
of S(l)p during the channel training. Arranging in descending
order of occurrence of S(l)p is to construct frequently occurring

constellation sets for S(l)p into the codebook WF . With WF ,
the total numbers of bits for channel feedback in the
proposed TCQ scheme are Bproptot = B · Mt + F for the
codebook updates and Bproptot = B · Mt except the codebook
updates. Therefore, in most cases where no change in the
characteristics of the channel is observed and no codebook
update is required, the proposed TCQ scheme has the same
number of B · Mt feedback bits as the conventional TCQ
scheme. The steps of codebook design are presented as
follows:

• Step 1: For generating L candidate constellation sets,
P channels for h̄ are generated by simulation to perform
quantization for source constellation (Section IV-A),
set partitioning (Section IV-B), and the l-th candidate
constellation set S(l)p , the corresponding count value c(l)

and the minimum distance δ(l) for l = 1, · · · ,L are
generated.

• Step 2: After setting c(l) to 0 where δ(l) is less than a
specific threshold value α for l = 1, · · · ,L, S̃(l)p sorted
by S(l)p in descending order based on c(l) are created.
In general, α is set to

√
2dmin, but it is recommended

to set α as large as possible.
• Step 3: Considering the additionally required number of
bits F , a codebookWF including the first to 2F -th of S̃(l)p
is generated.

By exploiting WF , it is possible not only to reduce
the overhead of transmitting the source constellation, but
also to drastically reduce the computational complexity.
The proposed TCQ scheme can be operated by searching
only the constellation set in WF rather than performing
K-means clustering on each channel. Therefore, except for
the channel training, the proposed TCQ scheme has the
similar computational complexity to the conventional TCQ
scheme.

D. OVERALL OPERATION PROCESS
The proposed TCQ scheme first performs quantization
for source constellation (Section IV-A), set partitioning
(Section IV-B), and source constellation codebook design
(Section IV-C) during the channel training phase to generate
codebook WF , and the generated codebook WF is shared
by BS and UE in advance as shown in Fig. 5. Then,
UE performs channel feedback with an initially selected
source constellation in the codebook WF . At this time, the
number of feedback bits is Bproptot = B · Mt + F . While the
channel environment does not change, the channel feedback
is performed with a fixed source constellation as shown
in Fig. 1, so the number of feedback bits is Bproptot =

B · Mt . If it is necessary to change to another source
constellation due to a change in the channel environment,
etc., the channel feedback is performed with the updated
source constellation, so the number of feedback bits is
Bproptot = B · Mt + F . UE can select and update the optimal
source constellation among 2F source constellations, and
operations for 2F source constellations can be performed in
parallel.
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FIGURE 6. Average beamforming gains of the conventional and proposed
TCQ schemes with Mt = 16, B = 2, F = 6 and T = 3 according to Q.

V. SIMULATION RESULTS
In this section, the simulation results are presented to verify
the benefits of the proposed TCQ scheme. We compare
the performance of the proposed TCQ scheme with the
conventional TCQ scheme [10], RVQ scheme [7], and
unquantized beamforming. The average beamforming gain
is used as the performance metric and is expressed in a
decibel scale 10log10

(
E

[
hfH

])
. For the RVQ scheme, the

analytic beamforming gain described as Mt

(
1 − 2−

Btot
Mt−1

)
is used, since it is computationally infeasible to implement
as the number of feedback bits increases [7]. In the
unquantized beamforming, the beamforming vector f is
calculated as h/∥h∥2. For the simulation parameters, the
codebook WF is generated in i.i.d. Rayleigh fading channel
regardless of temporal and spatial corrrelation by considering
P = 10, 000, and the Ungerboeck rate B/(B + 1) convo-
lutional codes in [12] are considered for the trellis. The
Jakes’ model [15] is considered in temporally correlated
channels only for Fig. 10 to generate the temporal corrrelation
coefficient η = J0 (2π fDτ), where J0 (·) is the zeroth-order
Bessel function of the first kind, fD is the maximum
Doppler frequency, and τ is the channel instantiation interval.
A carrier frequency of 2.5 GHz and τ = 0.5ms are considered
in this paper.

In the figures, we refer the proposed and conventional TCQ
scheme as ‘‘Prop. TCQ’’ and ‘‘Conv. TCQ’’, respectively.
Similarly, for the differential scheme, we refer to the proposed
and conventional differential TCQ scheme as ‘‘Prop. Diff.
TCQ’’ and ‘‘Conv. Diff. TCQ’’, respectively.

Fig. 6 shows the average beamforming gains of the
conventional and proposed TCQ schemes with Mt = 16,
B = 2, F = 6 and T = 3 according to Q. When B is 2,
the proposed TCQ scheme (Q = 16, 32, 64) shows the
improved average beamforming gains compared to the
conventional TCQ scheme (Q = 8) by using Q of 16 or
more. In the proposed TCQ scheme, it can be seen that the
average beamforming gains gradually decrease asQ increases
when ρ is 0, while the average beamforming gains gradually

FIGURE 7. Average beamforming gains of the conventional and proposed
TCQ schemes with Mt = 16 and Q = 32 in i.i.d. Rayleigh fading channels.

FIGURE 8. Average beamforming gains of various channel feedback
schemes according to B and Mt with ρ = 0.6.

improve asQ increases when ρ is 0.6. We consider 32 among
16, 32, and 64 as Q of the proposed TCQ scheme with the
moderate average beamforming gains in environments with
ρ = 0 and ρ = 0.6.

Fig. 7 shows the average beamforming gains of the
conventional and proposed TCQ schemes with Mt = 16 and
Q = 32 in i.i.d. Rayleigh fading channels (ρ = 0). The
average beamforming gains of the proposed and conventional
TCQ schemes improve as B and T increase, and in particular,
the average beamforming gains of the proposed TCQ scheme
significantly improves as F increases for a given B. However,
as B increases, the improvement of the average beamforming
gains gradually decreases with the increase of T or F . With a
small number of additional bits with F = 8, the proposed
TCQ scheme with T = 4 provides larger beamforming
gains of 0.7dB, 0.6dB, and 0.2dB over conventional TCQ
scheme with T = 4 for 1, 2, and 3 of B, respectively.
While the proposed TCQ scheme has the improved average
beamforming gains compared to the conventional TCQ
scheme, it may cause higher computational complexity
by searching for more source constellation sets. For selecting
the source constellation set of TCQ, the proposed TCQ
scheme searches for F · 2T constellation sets, while the
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FIGURE 9. Average beamforming gains of the conventional and proposed
TCQ schemes with Mt = 32 according to ρ.

conventional TCQ scheme searches for 2T constellation
sets. Thus, when T is fixed, the proposed TCQ scheme
has approximately F times more decoding computational
complexity than the conventional TCQ scheme, except
for the codebook generation process for channel training.
When comparing the proposed TCQ scheme F = 8 and
T = 1 and the conventional TCQ scheme with T = 4 with
the same complexity, the proposed TCQ scheme provides
larger beamforming gains of 0.6dB, 0.5dB, and 0.15dB over
conventional TCQ scheme for 1, 2, and 3 of B, respectively.
Therefore, it can be seen that it is more efficient to perform
TCQ using various constellation patterns suitable for the
channel environments than to perform TCQ through a fixed
source constellation such as 8-PSK and 16-QAM.

Fig. 8 shows the average beamforming gains of various
channel feedback schemes according to B and Mt with
ρ = 0.6. We set the proposed TCQ and RVQ schemes to
have B · Mt + F feedback bits and the conventional TCQ
scheme to have B ·Mt feedback bits when F is fixed to 6. The
TCQ and RVQ schemes approach the optimal unquantized
beamforming performance as B increases, and when B is 3,
the TCQ and RVQ scheme have a beamforming gain loss
within 1dB compared to the unquantized beamforming. The
proposed TCQ scheme has the better average beamforming
gain performance than the conventional TCQ scheme for
all B. However, the improvement of the average beamforming
gains between the proposed and conventional TCQ schemes
gradually decreases with the increase of B and Mt . With
Mt = 32, the proposed TCQ scheme gives larger beamform-
ing gains of 0.4dB and 0.1dB over conventional TCQ scheme
for 2 and 3 of B, respectively. Therefore, the proposed TCQ
scheme can be seen as more effective in an environment
where the number of feedback bits is limited compared to
the conventional TCQ scheme.When the number of feedback
bits is small, such as Mt ≤ 32 and B ≤ 2, the proposed TCQ
scheme shows the similar or better average beamforming gain
performance than the RVQ technique.

Fig. 9 shows the average beamforming gains of the
conventional and proposed TCQ schemes with Mt = 32

FIGURE 10. Average beamforming gains of the conventional and
proposed TCQ schemes with Mt = 16 according to fading block index k in
temporally correlated channels with v = 3km/h and 30km/h.

according to ρ. The proposed TCQ scheme has more
robust beamforming gain performance than the conventional
TCQ scheme in terms of ρ. When B is 2, the TCQ
schemes experience some beamforming gain degradation
with ρ > 0.6, while the TCQ techniques do not experience
significant beamforming gain degradation with ρ ≤ 0.6. The
proposed TCQ scheme shows the beamforming gain loss
compared to the unquantized beamforming within 1dB when
ρ is more than 0.6. On the other hand, when B is 1, the TCQ
techniques improve performance as ρ increases. Since the
channel elements are concentrated in a specific part as the
ρ increases, the TCQ schemes with B = 1 could improve
beamforming performance gains even with a small number
of constellations. The conventional TCQ scheme has a slight
improvement in beamforming gain performance only when
ρ > 0.6, while the proposed TCQ scheme shows a significant
performance improvement as ρ increases, and even the
performance of the proposed TCQ scheme is close to that of
the conventional TCQ scheme with B = 2. Therefore, it can
be seen that the proposed TCQ scheme is suitable for channel
environments with strong spatial correlation compared to the
conventional TCQ scheme.

Fig. 10 shows the average beamforming gains of the
conventional and proposed TCQ schemes with Mt = 16
according to fading block index k with τ = 0.5ms in
temporally correlated channels with v = 3km/h and 30km/h.
For the comparison, the differential TCQ scheme in [11] is
considered. The differential scheme can be applied not only to
the conventional TCQ scheme but also to the proposed TCQ
scheme, and the average beamforming gain performance of
these differential TCQ schemes is compared in temporally
correlated channels. The same source constellations are
considered for the TCQ and differential TCQ schemes
in the conventional and proposed cases, respectively. The
differential TCQ schemes improve the average beamforming
gains over time in slow time-varying channels with v =

3km/h, while the differential TCQ schemes cause the
serious beamforming gains degradation in fast time-varying
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channels with 30km/h. It can be seen that the differen-
tial TCQ schemes, which feeds back only the difference
between time-varying channels, shows the limitation in the
average beamforming gains in fast time-varying channels.
The proposed differential TCQ scheme converges faster
on the saturated beamforming gain performance than the
conventional differential TCQ scheme in slow time-varying
channels with v = 3km/h and deteriorates the beamforming
gain performance more slowly than the conventional dif-
ferential TCQ scheme in slow time-varying channels with
v = 30km/h. Regardless of the influence of the time-varying
channel, the TCQ schemes without the differential scheme
have the similar beamforming gain performance over time.
In addition, the proposed TCQ scheme has the beamforming
gain of about 0.5dB compared to the conventional TCQ
scheme in time-varying channels with v = 3km/h and v =

30km/h. Therefore, it can be seen that the differential TCQ
scheme is not appropriate in fast time-varying channels, and
the proposed TCQ scheme is more suitable in time-varying
channels than the conventional TCQ scheme.

VI. CONCLUSION
In this paper, a codebook-based TCQ scheme using K-means
clustering was proposed for massive MIMO systems. In the
proposed TCQ scheme, a codebook was considered to use
a subset of constellation points suitable for the channel
environments as the source constellation to achieve high
beamforming gain performance, at the cost of a slight
increase in feedback overhead. By operating codebook-based
TCQ, the proposed TCQ scheme significantly improved
beamforming gain without increasing computational com-
plexity compared to the conventional TCQ scheme, except for
the training process for codebook generation in preparation
phase. The benefit of proposed TCQ scheme was verified
using simulations, and it was observed that the proposed
TCQ scheme with a similar computational complexity shows
the improved average beamforming gains compared to the
conventional TCQ scheme.
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