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Abstract—This paper exploits device-to-device (D2D) commu-
nications for exchanging the downlink channel state information
(CSI) among users, so that the users can design better feedback
strategies. Using a team decision approach for the feedback
and precoding design, the users and the base station (BS)
minimize a common mean squared error (MSE) metric based
on their individual observations on the imperfect global CSI.
The solutions are found to take similar forms as the regularized
zero-forcing (RZF) precoder, with additional regularizations to
capture the uncertainty of the exchanged CSI. Numerical results
demonstrate superior performance of the proposed scheme over
all D2D qualities.

I. INTRODUCTION

CSI feedback is a challenging issue in frequency division
multiplexing (FDD) massive multiple-input multiple-output
(MIMO) systems. Existing works mainly focused on various
quantization techniques to compress the CSI vector into a few
number of bits [1]–[3]. An alternative approach for feedback
reduction via a rate splitting encoding strategy at the massive
MIMO transmitter was studied in [4], [5].

In recent years, D2D assisted MIMO transmission has
attracted increasing attentions. With D2D communications,
some users can act as relays to assist the data transmission to
the target users, by reusing the radio resources of the cellular
network through proper power control and adaptive precoder
design [6]–[8]. While a lot of literature focuses on using D2D
to deliver data streams, there are some works exploiting D2D
to assist the signaling for MIMO cellular transmission [9]–
[11]. Specifically, the authors in [10] proposed a precoder

feedback scheme for FDD multiuser MIMO systems, where the
users first obtain the global CSI via D2D, and then compute
and feed back the precoder to the BS through the rate-limited
uplink feedback channel. It is demonstrated in [10] that in
the ideal case when users have perfect global CSI via infinite-
rate D2D, the precoder feedback scheme can achieve signifiant
throughput gain over the CSI feedback scheme. The analysis
in [11] further shows that in such a case, the precoder feedback
scheme reduces the interference leakage to 1/(K − 1) of the
CSI feedback scheme, where K is the number of users.

However, there are some limitations of the current D2D
assisted feedback techniques. First, high quality D2D commu-
nication may not be easily realized in practical systems, since
the D2D capacity is limited and there is transmission latency
for the CSI exchange. Consequently, the assumption of perfect
CSI exchange in [10] is unrealistic. Although the prior work
[9] designed adaptive CSI exchange strategy for limited D2D

capacity, efficient feedback strategies to the BS has not been
studied so far for the case of noisy CSI exchange. Second, the
precoder feedback schemes in [9]–[11] are not compatible with
the conventional CSI feedback scheme, because it requires all
the users to have the same D2D quality. However, in practice,
it may happen that some users have D2D links and wish to
perform precoder feedback, but the others have no D2D at all
and have to perform CSI feedback.

To address these problems, this paper develops an advanced
feedback and precoding strategy for the users and the BS
under the practical scenarios that users exchange the CSI
under heterogeneous D2D quality. A team decision approach
is adopted, where the users and the BS follow a common
MSE metric to minimize the total MSE of the received
signals at the user side. Specifically, the users compute the
feedback vector to minimize the expected MSE based on
their individual observations of the global CSI, and the BS
computes the expected minimum mean square error (MMSE)
precoder based on the feedback from the users. We show
that the solutions to such series of team decision problems
have a dual regularization structure, where the feedback is
given by the vector that maximizes the signal-to-interference-
leakage-and-noise-ratio (SLNR) regularized by the D2D qual-
ities, and the precoder is given by the RZF solution that is
also regularized by the D2D qualities. The proposed dual-
regularized feedback and precoding strategy bridge the gap
between the conventional CSI feedback scheme [1]–[3] and
the precoder feedback scheme [9]–[11], and it converges to
the two existing schemes in the extremes of no D2D and
perfect D2D, respectively. It is demonstrated that the proposed
scheme can achieve significant throughput enhancement for
all the users. Moreover, all the users still gain benefits in the
heterogeneous case where some users have good D2D, but
some other users do not have D2D.

II. SYSTEM MODEL

Consider a K-user downlink MIMO system, where the
BS equips with Nt ≥ K antennas and the users have
single antenna. Consider uncorrelated channels and denote
the downlink channel for user k as hH

k , where hk ∈ CNt

is a column vector and follows the distribution CN (0, I). The
channels between users are mutually independent.1

1For dependent channels, distributed source coding can also be used to
design the D2D assisted feedback strategy [12]. However, this is beyond the
scope of this paper.
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Figure 1. An example on the signaling structure for a three-user MIMO
system, where the users exchange the quantized CSI via D2D.

A. CSI Exchange Strategy via D2D

User k knows hk perfectly. In addition, to acquire the
channels of other users, the users exploit reliable D2D links to
directly exchange the CSI with each other. We are interested in
the practical case where the D2D links have limited capacity
and perhaps suffer from transmission latency. As a result, the

CSI hk of user k known by user j, denoted as ĥ
(j)
k , is thus

modeled as

hk = αjkĥ
(j)
k +

√
1− α2

jkξ
(j)
k (1)

where ξ
(j)
k is a zero mean random vector that follows distri-

bution CN (0, I) to model the noise due to the CSI exchange,

and in addition, ξ
(j)
k and ĥ

(j)
k are uncorrelated. The parameter

αjk ∈ [0, 1] captures the D2D quality for user j to receive
the CSI from user k. In particular, αjk = 0 means there is no
D2D from user k to user j, whereas, αjk = 1 means there is
perfect D2D, and user j knows perfectly hk. The statistical
information {αjk} is assumed to be known by the users and
the BS. Fig. 1 illustrates the signaling structure in the three-
user case.

After the exchange of CSI, user k has the imperfect global
CSI Ĥk ∈ CNt×K given by

Ĥk = [ĥ(k)
1 , ĥ(k)

2 , . . . ĥ(k)
k−1, hk, ĥ

(k)
k+1, . . . , ĥ

(k)
K ]. (2)

B. Formulation of the Feedback and Precoding Problems

Each user has B bits for the feedback to the BS based
on a codebook Ck, which contains 2B complex-valued Nt-
dimensional vectors, unit-normed, and randomly and isotrop-
ically distributed in the Nt-dimensional sphere.

Based on the feedback from the users, the BS computes the
precoder W ∈ CNt×K for the downlink transmission. The
downlink received signal y = [y1, y2, . . . , yK ]T at the user
side is

y = HHWx+ n (3)

where x ∈ CK is the vector of transmission symbols that
satisfies E

{
xxH

}
= IK , W is the precoder that the norm of

each column is
√
P/K (i.e., equal power allocation among

the users), and n ∼ CN (0, IK) is the Gaussian noise.

From the signal model (3), the total MSE is given by

MSE(W,H) ! tr
{
E
{
(y − x)(y − x)H

}}

=
∥∥HHW − I

∥∥2
F
+K. (4)

The common goal of the users and the BS is to minimize the
MSE in (4) subject to the constraint of equal power allocation
P/K to each user.

We consider that the users and the BS make sequential team
decisions to minimize the total MSE based on their individual
information. Specifically, the feedback and precoding prob-
lems are formulated as follows.

Feedback: Each user k feeds back to the BS a discretized
vector

ûk = Qk(U
⋆
k) (5)

where the matrix U⋆
k is obtained as the solution to the

following power-constrained MMSE problem

minimize
W∈CNt×K

E

{
MSE(W,H)

∣∣Ĥk

}
(6)

subject to ∥wk∥
2 = P/K, k = 1, 2, . . . ,K

in which, the vector wk denotes the kth column of W and the
expectation is taken over the uncertainty of the global CSI H
given the individual imperfect global CSI Ĥk. The quantizer
Qk(·) is to be designed.

Precoding: Given the feedback Û = [û1, û2, . . . , ûK ] from
all the users, the BS computes the precoder W⋆ as the solution
to the following problem

minimize
W∈CNt×K

E

{
MSE(W,H)

∣∣Û
}

(7)

subject to ∥wk∥
2 = P/K, k = 1, 2, . . . ,K

where the expectation is taken over the uncertainty of the
global CSI H given the feedback Û from the users.

III. FEEDBACK DESIGN

A. The MMSE Solution based on Imperfect Global CSI

Using the notation Ĥk in (2), we write the channel model
in (1) into a compact form as

H = ĤkA
1

2

k +EkS
1

2

k

where

Ek = [ξ(k)1 , ξ(k)2 , . . . , ξ(k)K ]

and the columns ξ
(k)
j are independent. In addition, Ak and Sk

are diagonal matrices with diagonal elements given by

[Ak](j,j) =

{
α2
kj

1

j ̸= k

j = k,



and

[Sk](j,j) =

{
1− α2

kj

0

j ̸= k

j = k.

As a result, the total MSE (6) conditioned on user k’s
imperfect global CSI Ĥk is thus given by

E

{∥∥∥(ĤkA
1

2

k +EkS
1

2

k )
HW − I

∥∥∥
2

F

∣∣∣Ĥk

}
+K. (8)

Note that since the optimal solution of the feedback problem
(6) always satisfies the equality tr{WHW} =

∑
k ∥wk∥2 =

P , we consider an equivalent objective function as

fk(W, Ĥk) = E

{∥∥∥(ĤkA
1

2

k +EkS
1

2

k )
HW − I

∥∥∥
2

F

∣∣∣Ĥk

}

+K
tr
{
WHW

}

P
. (9)

As the power-constrained MMSE problem (6) does not have
a closed form solution, we consider a relaxed MMSE problem
that employs the equivalent objective function (9) and drops
the power constraints ∥wk∥2 = P/K as follows

minimize
W∈CNt×K

fk(W, Ĥk). (10)

The closed form solution to (10) is given in the following
result.

Proposition 1 (Relaxed MMSE solution under imperfect

global CSI): The optimal solution Ũ⋆
k to the relaxed MMSE

problem (10) is given by

Ũ⋆
k =

[
ĤkAkĤ

H
k+

(∑

j ̸=k

(1−α2
kj)+

K

P

)
INt

]−1
ĤkA

1

2

k . (11)

Proof: Please refer to [13].
From Proposition 1, we obtain a relaxed MMSE solution U⋆

k
to the feedback problem (6) for user k, and the kth column
of U⋆

k is given by

u⋆
k = βk

[
ĤkAkĤ

H
k +

(∑

j ̸=k

(1− α2
kj) +

K

P

)
INt

]−1
hk (12)

where βk is a power scaling factor.
The above result (12) takes the similar form as the robust

MMSE precoding under imperfect CSI at the BS, where the
term

∑
j ̸=k(1 − α2

kj)INt
performs regularization due to the

CSI uncertainty from the CSI exchange and the term K/P
regularizes according to the SNR similar to RZF.

B. Vector Discretization

The MMSE solution (12) is computed in the continuous
domain, and needs to be discretized into B bits for the
feedback. In fact, we are only interested in the kth column
of U⋆

k , because in the special case of perfect D2D quality, the
kth column of U⋆

k is the desired precoder for user k and only
the kth column is needed to be fed back [11]. In the case of
no D2D, the kth column of U⋆

k degenerates to the channel hk,
which is also the desired vector to be fed back.

An intuitive solution is to find a vector from the code-
book that is “closest” to the kth normalized column vector

of U⋆
k.2 However, it is not known what a good distance

measure would be for the “closeness”, as U⋆
k has the physical

meaning as a regularized precoder.3 Alternatively, we exploit
the equivalence between the pseudo-inverse solution (12) and
the solution to a Rayleigh quotient maximization problem.
Specifically, the result is given in the following lemma.

Lemma 1 (Equivalence between MMSE and SLNR): Let H
be an Nt×K matrix with the kth column given by vector hk.
For a positive definite matrix Q, it holds that

(HHH +Q)−1hk = ckuk

where ck is a complex-valued scalar and uk is the solution to
the following problem

maximize
∥u∥=1

|hH
ku|

2

∑
j ̸=k |h

H
j u|

2 + uHQu
. (13)

Proof: Please refer to [13].

As a result of Lemma 1, we can relate the pseudo-inverse
solution (12) in continuous domain to a quotient maximization
problem in the finite domain.

Proposition 2 (Feedback strategy for uncorrelated chan-

nels): The feedback strategy for user k is to choose a vector
ûk from the codebook Ck as the solution to the following
problem

maximize
u∈Ck

|hH
ku|

2

∑
j ̸=k α

2
kj

∣∣(ĥ(k)
j )Hu

∣∣2 +
∑

j ̸=k(1− α2
kj) +

K
P

.

(14)
When users have perfect global CSI, i.e., αkj = 1, they feed

back the precoding vector that maximize the SLNR, whereas
when users have no CSI from each other, i.e., αkj = 0, the
feedback problem (14) degenerates to

maximize
u∈Ck

|hH
ku|

2 (15)

and the users feed back the quantized CSI. The terms α2
kj and

1− α2
kj steer the feedback vector from a precoding vector to

a CSI vector, according to the D2D quality.

IV. PRECODER DESIGN

Based on the feedback Û from the users, the precoder is
designed by solving problem (7). Using the same trick to
relax the precoding problem (7) as we did in (10), the relaxed
closed-form precoding solution is given by

W⋆ =
(
E
{
HHH

∣∣Û
}
+

K

P
INt

)−1
E
{
H

∣∣Û
}
Ψ

1

2 (16)

where Ψ is a diagonal matrix for power scaling.

Remark 1 (Channel feedback Ĥ versus regularized feed-

back Û): From the precoding formula (16), it seems that
the proposed scheme still needs to extract the CSI H from
the feedback Û. One may wonder whether it is better to

2Note that under the power constraints ∥wk∥ = P/K , the BS implicitly
knows the norms of the columns of U⋆

k
.

3For example, a good distance measure to discretize the MIMO channel
is the geodesic on the Grassmann manifold, but such measure may not be
meaningful to discretizing the precoder.



always feedback the CSI Û = Ĥ. This is intuitively true only
under infinite-rate feedback, i.e., Ĥ = H. For finite-rate CSI
feedback, there is quantization error for Ĥ, and quantization
error propagates (or even badly scales) in the inversion step
in (16). By contrast, the feedback matrix Û already contains
the inversion as from (12) and (14).

The remaining challenge in (16) is to evaluate the terms
E
{
HHH

∣∣Û
}

and E
{
H

∣∣Û
}

. Under uncorrelated channels,
the channel hk can be expressed in terms of the feedback
vector ûk in (14). The result is characterized in the following
proposition.

Proposition 3 (Characterization of ûk): Consider the feed-
back scheme (14). The following holds for each user k,

hk = θkGk

(√
1− ϵ2kûk + ϵkzk

)
(17)

where zk ∈ CNt is a unit norm vector that satisfies ûH
kzk = 0

and E{zk} = 0 with isotropic distribution, ϵk ∈ [0, 1] is a
random variable that is independent to ûk and zk, and θk is
a scaling factor. In addition,

Gk =
∑

j ̸=k

α2
kj ĥ

(k)
j (ĥ(k)

j )H + qkINt
(18)

where qk !
∑

j ̸=k(1− α2
kj) +K/P. Moreover,

Nt − 1

Nt
2−

B

Nt−1 ≤ E{ϵ2k} ≤ 2−
B

Nt−1

where the expectation is taken over the distributions of hk,

ĥ
(k)
j , and Ck.

Proof: Please refer to [13].
With Proposition 3, we have the following result to approx-

imate E
{
HHH |Û

}
and E

{
H |Û

}
.

Proposition 4: Under high signal-to-noise ratio (SNR) P
and high feedback resolution B, we have the following ap-
proximations

E

{
HHH

∣∣Û
}
≈ ϖ

((
1− 2−

B

Nt−1

)
ÛΩÛH + 2−

B

Nt−1φI

)

where ϖ is some scalar, Ω = diag(q21 , q
2
2 , . . . , q

2
K), and

φ !
1

Nt

K∑

k=1

(
q2k +

∑

j ̸=k

(
α4
kj(Nt + 1) + 2α2

kjqk
))

. (19)

In addition, E
{
H

∣∣Û
}
≈ ÛΥ, where Υ is a diagonal matrix.

Proof: Please refer to [13].
The approximation in Proposition 4 is asymptotically accu-

rate for high SNR P and large B for the feedback under both
perfect CSI exchange αkj = 1 and no CSI exchange αkj = 0.

Based on Proposition 4, the MMSE precoder at the BS
under cooperative feedback Û from the users is given in the
following theorem.

Theorem 1 (Approximate MMSE precoder): The MMSE
precoder that is the solution to the problem (7) can be
approximately given by

W⋆ =
[(
1− 2−

B

Nt−1

)
ÛΩÛH +

(
2−

B

Nt−1φ+
K

P

)
I
]−1

ÛΨ
1

2

(20)

where Ψ is a diagonal matrix for power scaling.
For perfect CSI exchange, αkj = 1, one can show that

W⋆ ≈ Û, which is the same as the cooperative precoder
feedback scheme studied in [9] and [11]. For no CSI exchange,
αkj = 0, the feedback matrix is given by Û = Ĥ =
[ĥ1,ĥ2, . . . , ĥK ], and the solution (20) becomes

W⋆ =
[(
1−2−

B

Nt−1

)
ĤĤH+

(K

Nt
2−

B

Nt−1 +γ
K

P

)
I
]−1

ĤΨ
1

2

(21)
where γ = (K − 1 +K/P )−2. As a comparison, the robust
MMSE precoding scheme in [3] gives

WRB =
[
ĤĤH +

(
K2−

B

Nt +
K

P

)
I
]−1

Ĥ. (22)

Note that (21) and (22) take a similar form, and the difference
is mainly due to the different quantization techniques and
power allocation strategies used.

V. NUMERICAL RESULTS

Consider the system model in Section II, where the BS has
Nt = 20 antennas and there are K = 3 users. Each user
has B = 10 bits for the feedback to the BS. Isotropic random
vector quantization (RVQ) codebooks specified in Section II-B
are used for the feedback. For the proposed scheme, consider
that each user has Bd bits to exchange the quantized CSI vector
with another user via D2D, and the parameter of CSI quality is
modeled as α2

jk = α2 = 1− 2−Bd/Nt [3]. The total downlink
transmission power is P = 20 dB.

The proposed scheme is compared with the following
baselines. (i) Robust MMSE based on CSI feedback [3]: Each
user quantizes the channel according to (15) and conveys the
CSI feedback to the BS. The BS computes the robust MMSE
precoder according to (22). (ii) Cooperative precoder feedback

[9]: Each user computes and feeds back the precoder according
to (14) but assuming αkj = 1. The BS directly applies the
feedback vectors as the precoder.

Two cases are evaluated. (a) Case A: All the users have the
same D2D quality for CSI exchange, i.e., αkj = α, k ̸= j. (b)
Case B: There is no D2D link between user 2 and 3, while all
the other links have identical D2D quality for CSI exchange,
i.e., α23 = α32 = 0, and αkj = α for (k, j) /∈ {(2, 3), (3, 2)}.

Sum rate results: Fig. 2 shows the sum rate versus the num-
ber of bits Bd for CSI exchange. First, the proposed scheme
outperforms both the precoder feedback scheme and the CSI
feedback scheme over all D2D capacity for CSI exchange. In
the regime of no CSI exchange, Bd = 0, it approaches the CSI
feedback scheme with robust MMSE precoder. In the regime
of high quality CSI exchange, Bd = 150 bits, it converges to
the precoder feedback scheme. Second, by removing one D2D
link in case B, the performance of the proposed scheme and
the precoder feedback scheme both degrade, but the precoder
feedback scheme degrades more at the high SNR regime.

Robustness: The performance under heterogeneous D2D
quality for CSI exchange is demonstrated in Fig. 3, which
shows the achievable downlink data rate for each user versus
Bd under case B. The precoder feedback scheme boosts the
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Figure 3. Robustness: achievable downlink data rate for each user versus the number of bits Bd for CSI exchange under case B.
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performance for user 1, but significantly sacrifices user 2 and
3, who achieve much lower data rate than the CSI feedback
scheme. By contrast, the proposed scheme outperforms the
CSI feedback scheme over all D2D capacity for all users. This
shows that the proposed scheme is able to maintain fairness
and robustness when users have heterogeneous D2D qualities.

VI. CONCLUSION

This paper proposes a dual-regularized feedback and pre-
coding strategy for multiuser MIMO systems with limited
feedback from the users to the BS, where the users can exploit
short range D2D communications to exchange a portion of CSI
with each other. The proposed strategy exploits such imperfect
global CSI at the user side to feedback a regularized vector to
the BS. Based on the feedback, the BS computes an MMSE
type precoder regularized by the CSI uncertainty at the user
side due to the noisy CSI exchange via D2D. Numerical results
show that in terms of sum rate performance, the proposed
scheme performs uniformly better than both the CSI feedback
scheme and precoder feedback scheme from low to high D2D
communication qualities.
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