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Abstract—The massive multi-input-multi-output (MIMO) sys-
tem will greatly enhance the performance of the next-generation
wireless communications for many applications e.g., high-
mobility users. The orthogonal time frequency space (OTFS) is a
promising technique for high-mobility massive MIMO use cases.
However, the MIMO-OTFS system requires accurate downlink
channel information for optimal performance. This paper studies
an uplink-aided downlink channel estimation scheme targeting
high-mobility user scenario based on a frequency division duplex
massive MIMO-OTFS system. Most of the existing work over-
looks the change in the delay, Doppler, and angle domain during
a channel estimation process due to high mobility. In this work,
we analyze the reciprocity between an uplink and a downlink
channel and derive the estimation error due to the latency
in processing the uplink channel estimates. Simulation results
demonstrate that an uplink channel may change significantly in
a high-mobility massive MIMO-OTES system, given a reasonably
small amount of processing latency. Such a change will lead
to high error in downlink channel estimation. With the proof
of concept, our future work will focus on refining the channel
estimation framework with a reduction of the processing latency.

I. INTRODUCTION

The future wireless communications will support various
high-mobility use cases, such as connected vehicles, high-
speed railways, unmanned autonomous vehicles, etc [1]. The
current mobile network is mainly developed based on the or-
thogonal frequency division multiplexing (OFDM). However,
in a high mobility environment, the OFDM channel can be fast
time-varying due to Doppler frequency offsets. The existing
Doppler compensation schemes on the OFDM channel may
introduce high complexity to a communication system [2]. The
complexity could be further exacerbated in a massive multiple-
input-multi-output (MIMO) system. Recently, orthogonal time
frequency space (OTES) is proposed to deal with the fast time-
varying channels with much less complexity [3]. Technically,
OTFS transforms a time-varying multi-path channel into a 2-D
channel in the delay-Doppler domain. All symbols experience
the same channel gain so that the full diversity can be
extracted [4, 5]. In a massive MIMO-OTFS system, a channel
from the delay-Doppler domain is extended to the angle
(space) domain with a sparse 3-D structure. To enhance the
spectrum efficiency of the OTFS system, the downlink channel
state information (CSI) is required for both the receiver and the
transmitter [6]. However, a direct CSI estimation by solving
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a sparse signal recovery problem could introduce a high
computational cost and a large training overhead.

To tackle this issue, in this paper, we study an uplink-aided
downlink channel estimation framework for a high-mobility
massive MIMO-OTFS system. Without loss of generality, a
frequency division duplex (FDD) system is considered in this
work. Uplink-aided downlink channel estimation has been
widely studied for FDD MIMO systems [7], as well as the
massive MIMO-OTFS system [8]. To estimate a downlink
channel, the uplink CSI is first estimated. After analyzing
the reciprocity of the uplink channel and downlink channel,
the parameters in uplink channel estimation can assist the
downlink CSI estimation. A future massive MIMO system
with a large antenna array and ultra high carrier frequency will
have very high resolutions in the channel domains, e.g., delay
and angle. For example, in the high frequency band, e.g., 40
GHz, the system whose sub-channel bandwidth is 375 KHz,
the sampling clock rate reaches 768 MHz [9]. Therefore, the
physical movement of a high-mobility user during the channel
estimation may cause a significant change in the actual CSI.
However, such latency during the uplink and downlink CSI
estimation is not considered in those existing uplink-aided
downlink channel estimation schemes.

This work considers such a latency in the studied FDD mas-
sive MIMO-OTFS system framework. Specifically, an orthog-
onal matching pursuit (OMP) based uplink channel estimation
scheme is first studied. The sudden channel changes due to
the shift of delay and Doppler indices from high mobility are
analyzed. After estimating the uplink channel, the resource
block for the downlink will be coded at the transmitter (i.e.,
base station). The pilot symbols and the data symbols will be
coded into the same resource block [10]. Different from the
traditional downlink channel estimation scheme that every user
has its dedicated pilot block, our scheme uses a common pilot
area to reduce the pilot overhead. Each user configures its own
pilot region in every angle domain by using the indices of the
paths provided in the uplink channel estimation. Based on the
pilot regions and the received signal, the downlink channel can
be estimated using existing methods, e.g., Least Square (LS)
method [11]. The shift of the pilot region in the downlink
estimation is analyzed based on the index changes from the
uplink estimation. Simulations are conducted to demonstrate
the studied framework and the impact from index changes
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on the overall channel estimation. The rest of the paper is
organized as follows. In section II, the system model and
OTFS transmission are introduced. In section III, the OMP
based uplink channel estimation is first introduced, followed
by the reciprocity analysis, and the proposed downlink channel
estimation and resource block coding schemes. In section IV,
the simulation results are demonstrated. In Section V, the
conclusion is given.

II. SYSTEM MODEL

In this paper, we study an FDD massive MIMO-OTFS
system in high mobility environment. As shown in Fig. 1,
the base station is equipped with a Uniform Linear Array
(ULA) contains M antennas. Each user device is equipped
with a single antenna. Assuming that the system is deployed
in a multi-path propagation environment, where each user
may receive signals from multiple scatter clusters. Meanwhile,
the scatter clusters may create multiple paths to different
users [12]. Without loss of generality, assume that there are P
paths for the k-th user. Then the steering vector of p-th path
is denoted as:

a(tk,p) =

where z is the distance between the adjacent antennas in the
antenna array; A is the wave-length of the carrier frequency;
and 0y, is the Angle of Departure (AoD) of p-th path.

__wcosd , @ cos 0
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Figure 1. Massive MIMO-OTFS system with high-mobility users.

For better illustration, we assume that the data bits are
mapped into data symbols by using some constellation, e.g.,
4-QAM. These symbols are placed into a 3-D, i.e., delay,
Doppler shift, and angle (DDA), data block XPP. The length
of these 3 dimensions are L, D and M, respectively. In
practice, the data block needs to be transformed into the time-
frequency-space (TFS) domain s.t.,

XFTS[l/ d/ /]:
L-1D—-1M-1

\/W SN0 D XPPALLd,m) |2 — ) )

1=0 d=0 m=0
where [, d and m are the indices on the DDA domains; and [’,

d’ and m’ are the indices on the FTS domains, respectively.
Let L x D matrix X" [, :,m’] denote the 2-D data matrix sent

by the m’ + 1- th antenna in the time-frequency domain. Then
the data in X S can be converted into a continuous waveform
by using Helsenberg transform [3] as follows:

L—-1D-1

Z Z XFTS l/ d/

=0d'=

I]gt:p(ﬁ—d’Ts)ejQWl/Af(t—d’Ts)’

3)
where g¢;.(t) is a pulse-shaping filter of the transmitter;
T, = %M is the sampling time of the system; Af = 5 is
the frequency resolution. The waveform will be transmitted
through the multi-path channel. The received signal at the
receiver is denoted as:

R B B e R )

4)
where 1.,/ (t) is the additional white Gaussian noise; by, (7, V)
is the channel of m’ + 1-th antenna who has a sparse repre-
sentation [13] as:

vp)a(0,)[m’], ()

(T —Tp)d(v —

=L

where h,, 7, and v, are the path gain, delay, and Doppler
shift of p-th path, respectively; a(6,)[m’] is the m’ + 1-th
element in a(6,); and 6(-) denotes the Dirac delta function.
Similar to [8], we assume that each scatter path corresponds
to a unique AoD, time delay and Doppler shift. The delay
of p-th path is an integer multiples of the delay resolution,
s.t. 7, = [,Ts. The Doppler shift of p-th path is denoted as
The receiver transfers the time-serial received data to the
frequency-time domain by using Wigner transform, s.t.,

YFTS[l/,d/,m/] _ /Tm’ (t)guu(t —dT )6 j2ml Af(t—d' Ts )dt
(6)

where (-)* denotes the complex conjugate. Assume that the
gi2(t) and g, (t) are ideal waveforms, i.e., by satisfying the
bi-orthogonal property:

/gtw (t— dTS)ejQWlAf(t_dTS)gt*x (t —d'Ty)

. ! !
x 67.]2711 Af(t—d'Ts)

dt = 8[d — d')[1 — 1').
(7N

The signal in time-frequency domain is then transformed into
the delay-Doppler domain as follows:

L—1D-1 way

YFTS l/ dl 6]271' -5 )
(AP ]

®)

The final received signal is the summation of the sig-

nals from all transmitting antennas, Ss.t., YDD[l,d] =

Zn]\f,:l YPPS[1,d,m']. By summarizing the aforementioned

YDDS [l, d,
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equations from Eq. (2) to Eq. (8), we can acquire the input-
output relation in the delay-Doppler domain as follows:

L—1D-1
YPPS[L,d, m'] XPPS[g,r,m/]
q=0 r=0
><HDDS[l—q,d—r,m’]+w[l,d,m’],

where w(l, d, m'] is the corresponding noise of Y°P5[1, d, m’];
XPPS is the data matrix after performing DFT in the angle
domain of XPPA The effective channel in the delay-Doppler
domain is denoted as:

HPPS [1,v,m]

L—-1D-1

/ / h + l/ |: E j27l'l Af(r—1") j27l'd/T (V' —v)
=0d'=0
_ _ ) @ cos Op
X e j2mv’ T’ dr dI// 2mm’ ——+

(10)
where 7 = LA L for0 << L—-1land0<gq<L—1;1isthe
index of the recelved data matrix on the delay domain; ¢ is
the index of the transmitted data matrix on the delay domain.
Meanwhile, v = &L for0<d< D—1and0<r < D-1,
where d is the 1ndex of the received data matrix on the Doppler
domain, and r is the index of the transmitted data matrix on
the Doppler domain. The delay-Doppler domain channel has

_d-r _ g _ _dp _ l-q _
a peak value at v = = = and 7 = IAF =

DT, DT,
T = 3% 7 [13]. Without loss of generality, we assume that
there is only one significant value is located in the peak, i.e.,
d—r =d, and | — q = [,,. The received signal in Eq. (9) can
be further denoted as:

YDDS [l d m/]

~ Zh e—jQﬂ'Tpl/pXDDS[[l —1 ]L’ [d d }D7 ]

p=1

Y

where [|1, represents mod L operation. After stacking all
the channels in the delay-Doppler-space domain into a 3-D
channel, we have HPPS € Clmax X (2dmax+1) XM “where [, . is
the largest delay index, dy,a is the largest absolute value of all
dp. And we have —dpyax < dp < dmax and 0 <1, < lpax — 1.
To transform the channel into the DDA domain, one can
perform the IDFT along the antenna index m/' as follows:

M—1 ,
E HDDSU,d, ml]e_]QTri]M' .

m’=0

HPPAL d,m) =

VM

Different from the space domain, the channel has sparsity in
the angle domain. Following the analysis above, we can see
that H°* has the dominant value at | = I,, d = d, and
m=|M %ﬂ, where |-] is the round function.

12)

III. UPLINK-AIDED DOWNLINK CHANNEL ESTIMATION

In the studied massive MIMO-OTES system, the base sta-
tion requires the parameter set {7,, v, 6y, hp}L_ to design a
precoder. However, direct estimation of the downlink channel

would need some powerful sparse signal recovery methods
with high computation burden and large training overhead [8].
The uplink-aided approach can significantly reduce the com-
plexity in the downlink channel estimation by exploring the
DDA reciprocity between the uplink and downlink.

A. Uplink Channel Estimation

In the uplink channel, the users first send the pilots to the
base station. Assume that K users send the pilot sequences
simultaneously. Let the pilot matrix sent by k-th user in the
delay-Doppler space be PY® € C@* %, Usually, the size of the
pilot matrix is much smaller than the full size of a resource
block, i.e., @ < L and R < D. The rest of the grids are the
transmitted data symbols. For better illustration, we assume
that the whole resource block is used as a pilot in the rest
of this subsection. At the base station, the received signal is
in TFS domain. The signal can be transformed into the DDA
domain by using the inverse process of Eq. (2). Due to page
limit, this step is not presented here. Then the received signal
of the m-th angle at the base station can be denoted as:

K lmax nlax
S S DU Sl AT
k=1 1%=0 d®=—dmax
x PRIl = 1", [d — d™]p] + w[l,d, m],
(13)
where w[l,d,m] is the corresponding noise of ZPPA[, d, m);

ZPPA(1 d, m]

and ﬁ],zj?n is the uplink channel in delay-Doppler-angle domain
of k-th user. Without loss of generality, if the k-th user has
no dominant channel gain in m-th angle, we assume that
ﬁ?ﬁ: = 0, where 0 denotes the all zeros. Then we write
Eq. (13) into the vector-matrix form, where ZPP* is arranged
into a column vector z,, € CIP*1. The ID + d + 1-th
element of z,, is ZBlDA[l,d, m|, where 0 < [ < L — 1,
0 < d < D — 1. Accordingly, ﬁ],i’?f: is also arranged into
a vector hy, ,, € ClmaxDvx1 where D, = 2dyax + 1. Assume
that the users have the same [, and D,. The gl“pD +d"P +
dmax + 1)-th element of hy ,, is equal to Hk m 10", d"P,m],
where 0 < ["P < lax — 1, and —dpayx < d*P < dImx Then

Eq. (13) can be written as:

K
~DD
Zm = Y Py Dy + Wi, (14)
k=1
PP LD xlmax Dy . .
where PB e C maxv g the 2-D convolution matrix,
D

where P, [ID + d, 1" D, + d* + dpay] is equal to P[l —
" d — d"P]. Then Eq. (14) can be further written as:

Zym = FDDhm + W, (15)

= ~DD DD
where P°° = [P, ,..,P, | € CED*KlmaxDy gnd h,, =
., ... hE |7 € CKlwaxDoX1 In this way, the channel

estimation problem can be formulated as M sparse signal

recovery problems in M angle domains with the same sensing
. =DD .

matrix ¥ =P~ [6], which can be solved by the OMP algo-
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rithm in [11, 14]. First, we define the residual measurements
in m-th angle domain as:

- (3)

Iy =Zm — Ph (16)

. 1s the estimated channel in ¢-th iteration, and h§2>
denotes the initial CSI estimate. Meanwhile, an index set
A, = 0 is also initialized. The detail of the proposed uplink
CSI estimation scheme is presented in Alg. 1.

Assume that the average number of users share m-th angle
domain can be acquired statistically as K,,. In step 6 of
the algorithm, \IIIA(“) = (THo T " Eloy, OF
is the Hermitian transpose. According to the locations of
non-zero elements in h,,, the indices in the delay domain
and Doppler domain of k-th user can be found. Specifically,
k = Q(n, lmaxD,) + 1, where Q(a, b) denotes the quotient of
modular operation of a and b. lzl = QRN lmaxDy), Dy),
where R(a,b) denote the reminder of modular operation
of a and b. And dl]llm = R(R(1,lmaxDy), D)) — dmax.
The channel gain h“l is acquired in step 6. Then we
have the parameters yset for p-th path of k-th user as
{13 di . m, him }p. Once all the M sparse signal recovery
problems are solved by Algorithm 1, we have the uplink

ul ul P _
parameter set {7} p? vl 0 Ok hk,p}p=1’ k=1,...,K.

where h(i)

Algorithm 1 OMP-based uplink channel estimation
Input: Measurements z,,, Sensing matrix ¥;
Output: Estimated channel hy;

1: Initialize:

i=1 A% =0; 09 =0
2: while ¢ < K,,, do
1—1
3: Ty = Zpy — \Ilh( )
. (1) — Hg.
oo =g L
5. A@) = A= 1)#Jn(”;
6: m[A(Z ] - (A“))Zm;
7: =1+ 1;
8: end while

B. Reciprocity between Uplink and Downlink Channels

In an FDD massive MIMO-OTFS system, the parameter
set that acquired in uplink estimation cannot be used directly
for downlink CSI estimation. Nonetheless, the uplink and
downlink share the same propagation space, thus the spatial
reciprocity holds. The delay and angle of the downlink channel
can be directly acquired as 7 = 7' and 63 = 6}
respectively. Since the uplink channel and downlink channel
are in different carrier frequency, the Doppler shift needs to
be transferred as V,‘Cﬂ,p = f‘”yz{p /f%, where f% is the carrier
frequency of the downlink and f"! is the carrier frequency
of the uplink. And downlink channel gains cannot be directly
inferred from the uplink channel gains.

For high-mobility users, the propagation environment may
change significantly between the uplink and downlink channel
estimations. Assume that the user sends its uplink pilot se-

quence at 1. The signal is received by the base station antenna

array after a propagation delay T,‘;fp. Then the base station
will estimate the uplink channel by the approach described in
the previous subsection. The base station will also design the
pilot matrix based on the result of the uplink estimation. This
processing delay between receiving the uplink pilot signal and
transmitting the downlink signal is denoted as T,. After the
additional downlink propagation delay 7! p» the user receives
the downlink pilot sequence. It means the pilot indices used
in downlink channel could have a significant latency between
the real indices, s.t.,

1
ATy, = — <\/si + (Asg)? + 25, Asy, cos ¢ p — 8k> ,

C
(17)
where sj, is the path length between the user and the scatter
cluster at Ty; Asp = v, (T,:f)p +1, + Tg}p); v is the velocity
of the k-th user; ¢, is the angle between the AoA and
the moving direction. In practice the processing delay T,
dominates the propagation delays Tk pand T,‘;'p For 31mp1101ty,
the scatters are assumed to be relatively static. Therefore, the

movement of the users only cause angle change in the Line
of Sight (LoS) path, s.t.,

(18)

Aby,, = tan™" ( Asi sin ip ) .

sk + Asy cos ¢y p

Although the users’ velocity is relatively steady during Ar,
the angle between AoA and the moving direction might still
change unless the direction of movement aligns with the AoA.
Then the Doppler change is denoted as:
A _ f k /
Vip = (vk €08 Prp — vk COS P}, ) (19)
where ¢ is the angle between the AoA and the moving
direction after T » T 1p + Tk . fr is the center frequency.
It is worth notmg that the coverage of the scatter clusters is
limited. A user may not be covered by the current cluster after
T,. This change of path may also lead to significant channel
changes. However, this is beyond the scope of this paper.

C. Downlink Channel Estimation

While the parameter set {r! v 6 }D , of k-th user
in the downlink channel can be estimated based on the uplink
channel estimation and the reciprocity analysis, the path gain
hi.p still needs to be estimated in the studied FDD massive
MIMO-OTFES system. Given Eq. (11), the downlink data
transmission of k-th user is denoted as:

P
YED [[,d] = Z HDDA[lk,p’ d.p, mp]
p=1
X XEBA[[Z - Zk,p]La [d— dAk,p]Dva} + w(l, d],

(20)
is the transmitted data matrix in the angle domain

corresponding to the p-th path. i k,p and Jk,p are the real delay
index and Doppler index of the p-th path, calculated as:

DDA
where X;. )

~ AT}a ~ AV}C,
lkp = lep + T;p’ dkp =dp+ Afp'

2n
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The pilot region is denoted as Xy, = {({,d)|l € [qk.p> qk,p +
Ly, —1],d € [rgp,Tk,p + Dip — 1]}, where Ly, and Dy,
are the lengths of the pilot matrix on the delay domain and
Doppler domain, respectively. Then the observation region at
the receiver side is denoted as Yy, = {(1,d)|l € [q;, ,, G, +
Ly,—1],de [r;’p, r;c’p + Dy, , — 1]}, where q}c’p =qrp+iep
and 1, = Typ +cfk7p. The observation region in all the angle
domains of k-th user is the same which is denoted as ).
Therefore, it is required that ¢; ; = ¢, , = --- = ¢q; p and
Thi = Tho = '+ = 7} p. With the received pilot sequence,
the channel gain of the downlink paths can be estimated by
the LS method [11]. Assuming P symbols are chosen in )y to
estimate P unknown channel gains. Let the selected symbol
set of k-th user be:

v = Xghy + wy, (22)

where y,, is a P x 1 vector that consists of P received data in
the observation region; wy, is the noise vector; hyisaPx1
vector, which hy [p] = H°P*[l;. ,,, i, mp]; X is a P x P ma-
trix contains elements in XE?,ANp € [1,...,P]. Assume that
YPPAL d] is selected and arranged to the i + 1-th position in
Y. Then we have Xy [i, p] = XM [1— 1k p] 1, [d—di p] D, my).
Using the LS estimator, the channel gains can be calculated
as:
he =Xly,. (23)
However, according to Eq. (20), the real pilots at present
should be XP A[1 — I )1, [d — di p] p, my). Fig. 2 illustrates
an example. This difference will lead to an estimation error.
Without loss of generality, the normalized mean square error
is used to measure the estimation error, s.t.,
Poos
> p—1 i [p] — hy[p]|
€= 5 . (24)
2 p=1 [ [p]]

In the multi-user situation, the users who share the same
angle domain would have overlapping pilot regions. The
overlapped pilots grids can be used by these users [10].
Therefore, the number of total grids assigned to the pilots can
be reduced if more pilot symbols are shared. In practice, the
maximum delay and maximum Doppler shifts are relatively
small compared with the scale of the resource block. For
simplicity, one observation region is fixed for all the users,
st. Y ={(Ld| € [go,yq0o + Lo — 1],d € [ro,76 + Do — 1]},
where g, and 7, are the smallest delay index and Doppler
index respectively of the common observation region. Ly, =
Ly, Vk € [1,..,K],Vp € [1,..,P] and Dy, = D,,Vk €
[1,..,K],vp € [1,...,P] are the lengths of the pilot length
on delay domain and Doppler domain respectively. Define
the largest delay index among all the users as L.y, and
the largest Doppler shift index among all the users as Dy ax.
Then the pilot region in every angle domain is denoted as
P = {(la d)ll € [qo - Lmaxv qo+Lo - ]-]7 de [7"0 - Dmaxa o+
Dinax+ Do —1]}. To avoid interference from the pilot symbols
to the data symbols, guard intervals are added as shown in
Fig. 2. Note that this pilot region design only works for

the situation that each path corresponds to a unique angle,
time delay and Doppler. The proposed method will be further
refined in the case where few significant values exist around
the peak on the Doppler domain.

L]
, IINEEEEEEEEEEEEEEEEE

B obata D Guard

D Observation Region

Pilot f_-_:i Real Pilot Region

:"j Pilot Region Used for Estimation

Figure 2. Illustration of proposed OTFS frame in one angle domain.

IV. EVALUATION RESULTS

Without loss of generality, the evaluations are conducted
in the FDD massive MIMO-OTFS system. The users in the
system locate within a circular area around the base station
with a radius of 300 meters. The base station is equipped with
128 antennas and the users are equipped with 1 antenna each.
The velocity of the users is 100 m/s. The center frequency
of the system is 30 GHz. Therefore, the maximum Doppler
shift and delay are 10 KHz and 3 us respectively. The scatters
in this network are assumed to be single-bounce. In this
case, the average delay spread and delay are 1.7 ps and
2 ps respectively. Accordingly, the coherent bandwidth can
be calculated as f. = ﬁ = 294 KHz. Assuming 64
sub-channels, where the bandwidth of each sub-channel is
B = 200 KHz. In other words, the frequency width of one
resource block is approximately 12.5 MHz, and the sampling
time T = 0.078 ps. The time length of the resource block is
1 ms (i.e. D = 12820). The Doppler resolution is 1 KHz (i.e.
L = 12500).

Fig. 3 shows the evaluation results of the uplink channel
estimation. When 7}, = 0, i.e., no latency, the locations of the
significant channel elements in the delay-Doppler domain can
be accurately recovered. When the latency is small compared
to the resolutions in the delay-Doppler domain, e.g., T}, = 1
ms, the estimation of the significant channel elements can
remain accurate. However, when the latency increases with
a longer 7T,, the physical movement of a high-mobility user
will shift the locations of the significant channel elements in
the delay-Doppler domain. The delay shift is caused mainly
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Figure 3. Simulation results of the uplink channel Figure 4. Evaluation results of changes indices in Figure 5. Evaluation results of the downlink chan-

estimation and the real non-zero channel locations. the uplink estimation.

due to change of the path length. In this simulation, we assume
that the cluster always cover the user. Consequently, the
angle between the user movement and the AoA might change
significantly when the user is close to the cluster. Therefore,
the Doppler shifts when 7, = 50 ms and 7,, = 100 ms are
obvious in the evaluation results. In practice, the coverage area
of the scatter clusters are limited. The movement of the user
might lead to path changes, which may introduce additional
shifts to the estimates. This path change will be explored in
our future work. Fig. 4 shows the evaluation results of the
index change for one user. We assume that the channel of
this user consists of 5 paths. Then we count the number of
the paths that changes the index in delay domain and Doppler
domain respectively with different 7},. The simulation results
shows that the longer 7}, usually leads to more index shifts.
Fig. 5 shows the evaluation results of the downlink channel
estimation. For a given channel signal-to-noise ratio (SNR),
the accuracy of downlink CSI depends on the accuracy of the
uplink CSI monotonically. When an channel index shifts due
to latency in the processing of uplink CSI, the elements in
X can not be correctly selected. Therefore, the downlink CSI
h;, would be different from the actual values. With increased
latency, the estimation error becomes more significant.

nel estimation.
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