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Abstract—It is known that joint channel estimation
and soft symbol decoding enhance the performance of
multiple-input multiple-output (MIMO) communication systems
with low-resolution analog-to-digital converters (ADCs).
However, existing techniques require accurate knowledge of
channel statistics to be effective. In this paper, we consider an
uplink multi-user MIMO system and develop novel algorithms
for joint estimation of channel coefficients and statistics along
with soft symbol decoding. Specifically, we develop a sequential
processing technique, based on variational Bayesian inference,
for jointly estimating the covariance matrices of all users’
channels, the corresponding channel matrices, and soft symbols.
We also develop an alternative block processing scheme for
the same problem. Corresponding algorithms for sequential
and block processing of unquantized data can be obtained as
simplifications of our algorithms. On the analytical side, we
derive a marginalized Bayesian Cramér-Rao Lower Bound
(MB-CRLB) for covariance matrix estimation and elucidate the
effect of the number of snapshots and SNR on the estimation
error. Finally, we empirically evaluate the new algorithms and
demonstrate their superior performance in scenarios where the
channel statistics are unknown. The results also show that the
mean squared error in channel covariance matrix estimation
via the proposed algorithm closely follows the behavior of the
MB-CRLB as a function of the SNR and number of frames.

Index Terms—variational Bayesian inference, sequential
processing, low-resolution ADCs, multiple-input multiple-output
communications, Cramér-Rao lower bound.

I. INTRODUCTION

The use of large multiple-input multiple-output (MIMO)
arrays is now a well-accepted means to provide high
data rate through spatial multiplexing and to compensate
for the propagation loss in millimeter (mmWave) and
terahertz (THz) bands communication [1]. The realization of
such systems demands a large number of radio-frequency
chains, increased power consumption, and high-precision
analog-to-digital converters (ADCs). The power consumption
of ADCs scales with the sampling rate and the number of
quantization bits [2]. Hence, low-resolution ADCs are the
practical solution for the energy-efficient communication in
multi-user MIMO (MU-MIMO) systems [3].

In general, MIMO wireless channels exhibit spatial
correlation, and knowledge of the spatial covariance matrix
can help significantly boost the channel estimation and data
detection performance. However, in low-resolution ADC based
systems, all three tasks: channel covariance matrix estimation,
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channel estimation, and data detection, have to be performed
using the received coarsely quantized samples. The goal of
this paper is to address this challenge.

In a MU-MIMO uplink system with single-bit ADCs,
convex relaxation of the exhaustive search based maximum
likelihood detector can help to realize a computationally
efficient receiver [4]. Joint channel estimation and symbol
decoding using both quantized pilot and data symbols can help
in improving the channel estimation accuracy. In this context,
the generalized approximate message passing (GAMP)
algorithm has been extended to joint channel estimation and
soft symbol decoding [5]. Further performance improvement
is obtained by exploiting the sparsity of the channel impulse
response [6]. The bilinear GAMP (Bi-GAMP) algorithm
has been extended to joint channel estimation and symbol
decoding in reconfigurable intelligent surface (RIS)-aided
massive MIMO systems with low-resolution ADCs [7]. An
analytical framework was developed to evaluate the theoretical
performance of the estimator in the large-system limit.
The supervised learning technique, support vector machine
(SVM), has been exploited for joint channel estimation
and data detection using single-bit ADC measurements [8],
with extensions to orthogonal frequency-division multiplexing
(OFDM) systems and frequency-selective channels. The
AdaBoost-based channel estimation and data detection can
overcome the computational complexity of the SVM based
method in single-bit MIMO OFDM systems [9]. Other
approaches include Bussgang’s decomposition-based channel
estimation and symbol decoding to mitigate the effects of
quantization noise [10], [11].

Joint channel estimation and soft symbol decoding using
variational Bayesian framework was first introduced in [12].
A two-phase Bayesian inference-based approach for channel
estimation followed by data detection in OFDM receivers
with time-domain oversampling using low-resolution ADCs
was presented in [13]. In variational Bayesian inference, the
unquantized measurements, channel vectors and data symbols
are considered as latent variables and an approximate posterior
probability distribution is computed for parameter estimation
and soft symbol decoding [14], [15]. If the variance of the
additive noise in the received measurements is unknown, the
variance can be treated as a latent variable and estimated
within the variational Bayesian framework [16]. Overall,
variational Bayesian inference is a principled approach, admits
extensions to diverse scenarios, and is computationally more
stable than approximate message passing and expectation
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Table I: Comparison with literature

Reference
Unknown Covariance

Information
Low-Resolution

ADC
Joint Estimation

and Decoding
Analysis of Covariance Matrix

Estimation Errors
[5]–[7], [12], [16] × ✓ ✓ ×

[7]–[11], [25] × ✓ × ×
[19]–[23] ✓ × × ×

This paper ✓ ✓ ✓ ✓

propagation-based algorithms [17].
The previous methods for joint channel estimation and

symbol decoding such as [5]–[7], [16] assume perfect
knowledge of the channel covariance matrix at the base
station (BS); performance degrades when a nominal (or
inaccurate) channel covariance matrix is employed. A
deep unfolding-based channel estimation and soft symbol
decoding under unknown channel statistics was developed
in [18]. However, this approach requires computationally
expensive retraining of the neural network whenever the
statistics change. Algorithms for channel estimation in
the presence of unknown channel covariance information
have been investigated in [19]–[22]. Batch and online
estimators based on the expectation-maximization approach
were introduced for covariance matrix estimation [23]. Online
and block-processing strategies based on variational Bayesian
inference for time-varying channels were developed in [24].
However, these algorithms rely on full-resolution digitized
sampling. Moreover, they require separate sets of pilot symbols
for channel estimation and covariance matrix estimation.

In low-resolution ADC systems, quantization noise
severely degrades channel estimation and symbol decoding
performance. Since coarse quantization significantly reduces
the information contained in the received measurements,
conventional receivers that perform channel estimation and
symbol decoding separately suffer substantial performance
loss. As a result, joint channel estimation and symbol
decoding becomes essential for effectively exploiting the
limited information available in the quantized observations.
Furthermore, prior channel statistics play a critical role in
reliable inference, and inaccuracies in the assumed statistics
can significantly affect both channel estimation and data
detection. Most existing Bayesian approaches assume that
the channel covariance matrix is perfectly known at the
receiver. Such an assumption is often unrealistic in practice.
Estimating the channel covariance matrix is especially difficult
in the face of the quantization distortion introduced by
low-resolution ADC architectures, and inaccurate/mismatched
channel statistics can result in considerable performance
degradation. These limitations motivate receiver algorithms
that jointly estimate the channel, transmitted symbols, and
channel statistics directly from the quantized measurements,
thereby improving robustness against statistical mismatches
while retaining the benefits of Bayesian inference. In this
paper, we develop novel algorithms for jointly estimating the
channel vectors and channel covariance matrices as well as
decoding data symbols in an uplink MU-MIMO system, when
the BS is equipped with low-resolution ADCs. Our main

contributions are:

1) We consider joint channel estimation and soft
symbol decoding in the uplink of a MU-MIMO
system with low-resolution ADCs in the absence of
second-order channel statistics. We develop the following
algorithms within a variational Bayesian framework to
simultaneously estimate the channel covariance matrices,
the channel matrices, and decode the data symbols
transmitted from the user equipments (UEs) to the BS.

• We develop the seq-QVB algorithm, in which
the channel covariance matrices of the users are
estimated recursively within a variational Bayesian
framework. The algorithm eliminates the need to
store measurements corresponding to data and pilot
symbols. In turn, it reduces latency in symbol
decoding and is well-suited for practical applications.
We also present the seq-VBI algorithm for processing
full-resolution ADC measurements.

• We develop the batch-QVB algorithm, where the
quantized measurements are stored in memory and
used to estimate the channel statistics. The estimated
statistics are subsequently used for estimating the
channel vectors and decoding the data symbols.
We also introduce the batch-VBI algorithm for
processing unquantized data.

2) We derive a marginalized Bayesian CRLB for the
channel covariance estimation problem, which provides
a tight lower bound on the empirical performance of
our estimator. We obtain a closed-form expression for
this bound by deriving upper and lower bounds for the
marginalized Bayesian Fisher information matrix using
Jensen’s inequality. To the best of our knowledge, this
approach for deriving a bound on a Bayesian estimator
has not been reported previously in the literature.

3) We empirically quantify the impact of channel covariance
uncertainty on few-bit ADC-based MU-MIMO receivers
and demonstrate the benefits of the proposed joint
estimation framework. The results show that receiver
performance can degrade substantially when inaccurate
channel statistics are employed. By learning the
channel covariance matrices directly from quantized
measurements, the proposed algorithms recover most of
the performance loss associated with unknown channel
statistics. In a representative scenario with 30 receive
antennas at the BS and 6 UEs, the proposed algorithms
achieve an SNR gain exceeding 4 dB at a symbol error
rate (SER) of 10−2 and more than 10 dB reduction in
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the normalized mean square error (NMSE) of the channel
estimates relative to schemes using mismatched channel
statistics. Moreover, the resulting performance closely
approaches that of genie-aided receivers with perfect
covariance knowledge.

Notation: The symbols a, a, A, and I denote a scalar, a
vector, a matrix, and an identity matrix, respectively. diag(a)
is a diagonal matrix with diagonal entries given by a, and
blkdiag(A,B) is a block diagonal matrix with A and B as
the diagonal blocks. The kth element of a is denoted by [a]k.
The (i, j)th element of Rk is denoted by [Rk]ij , A ⊗ B is
the Kronecker product of A and B, and A ⪰ B denotes that
A−B is positive semi-definite. tr(A) denotes the trace of A.
|·|, ∥·∥, ∥·∥F , [·]T ,[·]∗, [·]H , [·]† and E(·), denote the magnitude
(or cardinality of a set or determinant of a square matrix),
ℓ2 norm, Frobenius norm, transpose, conjugate, conjugate
transpose, pseudo inverse and the expectation, respectively.
CN (µ,Σ) denotes a circularly symmetric complex Gaussian
distribution with mean (vector) µ and variance (covariance
matrix) Σ. The indicator function that outputs one when
z ∈ (y1, y2] and zero otherwise is denoted by 1{y1<z≤y2}.
The real and imaginary parts of a matrix A are denoted by
ℜ{A} and ℑ{A}, respectively.

II. SYSTEM MODEL AND PRELIMINARIES

We consider uplink communication from K single-antenna
UEs to a BS equipped with Nr receive antennas.
The analog signals received by the BS antennas are
down-converted to baseband and digitized using b-bit ADCs.
Each communication frame consists of τp pilot and τd data
symbols. We assume min(Nr, τp) ≥ K, i.e., the K UEs can
be spatially separated using the Nr antennas and the pilots
transmitted by the K UEs can be chosen from an orthogonal
set. The received discrete-time pilot and data symbols prior to
quantization are modeled as [16], [19]

Ztn
p = HtnXtn

p +Vtn
p ∈ CNr×τp ,

Ztn
d = HtnXtn

d +Vtn
d ∈ CNr×τd , n = 1, 2, ..., N.

(1)

Here, the unquantized pilot and data symbol matrices are
denoted by Ztn

p and Ztn
d , respectively. The uplink channel

between UEs and BS during the nth frame is denoted by
Htn ∈ CNr×K , and N denotes the number of frames
considered. The pilot and data symbols matrices in the nth
frame are Xtn

p = [xtn
p,1, . . . ,x

tn
p,τp ] ∈ CK×τp and Xtn

d =

[xtn
d,1, . . . ,x

tn
d,τd

] ∈ CK×τd , respectively. The average power
of the data and pilot symbols transmitted by the kth UE is
denoted by Pk. The data symbols are drawn independently
and identically distributed (i.i.d.) from constellation M of size
M = |M|. The matrices {Vtn

p }Nn=1 and {Vtn
d }Nn=1 represent

the additive white Gaussian noise at the receive antennas. The
elements of these matrices are i.i.d. as CN (0, σ2

w).
We assume a correlated quasi-static Rayleigh fading channel

between the UEs and the BS. The channel vector from each
UE to the BS remains constant within a frame and varies in an
i.i.d. fashion across frames, and the channel statistics remain
unchanged during the N frames. They are independent but
not identically distributed across the K UEs since their path

losses and channel covariance matrices could be different.
Then, the probability density function (pdf) of the channel
matrices between the UEs and the BS factorizes as

p({Htn}Nn=1) =

N∏
n=1

p(Htn) =

N∏
n=1

K∏
k=1

p(htn
k ). (2)

The pdf of the channel vector htn
k given its (unknown)

covariance matrix Rk is CN (0,Rk), i.e.,

p(htn
k ) = p(htn

k |Rk) =
1

πNr |Rk|
exp(−htn

k

H
R−1

k htn
k ). (3)

We let R = blkdiag(R1,R2, ...,RK) ∈ CNrK×NrK denote
the combined block-diagonal channel covariance matrix. In
the above equation, with a slight abuse of notation, we use
p(htn

k |Rk) to denote the pdf of htn
k conditioned on the

covariance matrix Rk. Now, to develop a variational Bayesian
algorithm for estimating R, we impose a complex inverse
Wishart distribution as its prior pdf [26]. The complex inverse
Wishart distribution is the conjugate prior for the covariance
matrix of a complex Gaussian random vector and enables a
tractable update step in variational Bayesian inference. Hence,
the prior pdf of R is given by

p(R) =

K∏
k=1

p(Rk),

p(Rk) =
|Ψ|ν

CΓNr
(ν)

|Rk|−(ν+Nr) exp
(
− tr(ΨR−1

k )
)
, (4)

CΓNr
(ν) = π

1
2Nr(Nr−1)

Nr∏
j=1

Γ(ν − j + 1),

where ν ≥ Nr +1 denotes the number of degrees of freedom
(DoF), and Γ(k) = (k − 1)! denotes the Gamma function.
The mean matrix of the above distribution is Ep(Rk)(Rk) =
Ψ/(ν −Nr), where Ψ ∈ CNr×Nr denotes the scale matrix
of the complex inverse Wishart distribution.1 Note that, in our
simulation studies, the covariance matrices are not generated
from the assumed complex inverse Wishart prior. Nevertheless,
the proposed algorithms achieve good estimation accuracy,
indicating that their performance is not particularly sensitive to
the assumed prior pdf. This robustness can be attributed to the
fact that the inverse Wishart distribution is used only to model
the uncertainty in the covariance matrices. Consequently,
the covariance estimates are determined primarily by the
information contained in the observed quantized measurements
rather than by the specific form of the assumed prior
distribution. As the amount of available data increases, the
influence of the prior further diminishes, and the posterior
distribution becomes increasingly data-driven.

In this work, we address scenarios with and without
quantization using low-resolution ADCs. When low-resolution
ADCs are employed, the in-phase and quadrature components
of the baseband signal in (1) are fed separately to b-bit ADCs,
and the quantized data is then used for further processing.

1We set the hyperparameters ν = 2Nr and Ψ = the identity matrix in our
simulations, but the performance of the algorithm developed in this work is
insensitive to the choice of these parameters. They can be set to any convenient
value without significantly affecting the performance.
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Let [−V, V ] denote the typical voltage range at the input of
the ADC. In a b-bit uniform quantizer, the dynamic range of
the ADC is divided into J = 2b intervals of equal width.
Therefore, the width of a particular quantization interval is
∆ = 2V

J , and the corresponding jth quantization interval is
[−V + (j − 1)∆,−V + j∆). Suppose a real-valued sample
zi falls within the interval [−V + (j − 1)∆,−V + j∆);
then the corresponding quantizer output is Q(zi) = Lj ≜
−V + (j − 0.5)∆. Thus, the quantization operation using a
low-resolution ADC can be expressed as

ℜ{Ytn
p } = Q(ℜ{Ztn

p }),ℑ{Ytn
p } = Q(ℑ{Ztn

p }),
ℜ{Ytn

d } = Q(ℜ{Ztn
d }),ℑ{Ytn

d } = Q(ℑ{Ztn
d }).

Here, the quantization operation Q(.) is applied separately to
every element of its argument.

In joint processing, the MMSE estimation of the covariance
matrix R and the channel matrix HtN requires the
computation of the posterior pdfs p(R | {Ytn

p ,Ytn
d }Nn=1)

and p(HtN | {Ytn
p ,Ytn

d }Nn=1), respectively. Furthermore,
soft-symbol decoding requires the posterior distribution
p(XtN

d | {Ytn
p ,Ytn

d }Nn=1). Generally, the computation of
these posterior pdfs is intractable due to the multidimensional
integrations required for marginalizing the joint pdf. Hence,
we compute an approximate posterior pdf under the variational
Bayesian framework to jointly estimate the channel matrices
{Htn}Nn=1, the channel covariance matrix R, and decode the
data symbols {Xtn

d }Nn=1. As a point of departure, we provide a
brief description of the variational Bayesian inference principle
in the following subsection.

A. Variational Bayesian Inference

Bayesian estimators such as the maximum a posteriori
probability (MAP) and minimum mean squared error (MMSE)
estimator require the computation of the posterior pdf of the
random variables (RVs) to be estimated. Let Y denote a set
of measurements, and X denote a set of unknown RVs. Then,
by Bayes’ theorem, the posterior pdf of X given Y is

p(X|Y;ω) =
p(Y|X ;ω)p(X ;ω)∫
p(Y|X ;ω)p(X ;ω)dX

, (5)

where p(Y|X ;ω) denotes the likelihood function, and p(X ;ω)
denotes the prior pdf. All deterministic parameters involved
in the pdfs are included in the set ω. The computation of
the multidimensional integral in the denominator of (5) is
generally intractable. Consequently, a closed-form expression
of the posterior pdf is hard to compute. In variational
inference, an approximate posterior pdf q(X ) is obtained by
minimizing the Kullback-Leibler (KL) divergence between the
approximate and true posterior distributions. To this end, note
that the marginalized log-likelihood function (evidence) of the
measurements log p(Y;ω) is given by

log p(Y;ω) = Eq(X )

[
log

(
p(Y,X ;ω)

q(X )

)]
+ KL(q(X )||p(X|Y;ω)), (6)

where KL(q(X )||p(X|Y;ω)) denotes the Kullback-Leibler
(KL) divergence between the approximate pdf q(X ) and the
true posterior pdf p(X|Y;ω). Since the left-hand side of
(6) does not depend on q(X ), minimizing the (non-negative)
KL divergence between q(X ) and p(X|Y;ω) maximizes the
evidence lower bound (ELBO) Eq(X )

[
log(p(Y,X ;ω)

q(X ) )
]
. The

computation of q(X ) can be made tractable by partitioning
the latent variables X = {X1,X2, . . . ,XR} and assuming a
factorized form

q(X ) = q1(X1)q2(X2) . . . qR(XR). (7)

If the joint pdf p(Y,X ;ω) of the observed and latent variables
belongs to the exponential family of distributions (as is the
case here), then the rth factor in (7) can be computed from
[27]

qr(Xr) ∝ exp(E∏
j ̸=r qj(Xj) log(p(Y,X ;ω))), (8)

where the expectation of the logarithm of the joint pdf is
evaluated using the approximate pdf of all other factors.
In particular, the moments of the approximate pdf q(Xr)
are computed using (8), which depends on the moments
of other factors. Hence, algorithms based on variational
inference are typically iterative: we initialize the approximate
pdfs arbitrarily, and update each approximate posterior pdf
alternately using the approximate pdfs of the other factors.

With this background, we first present a general method to
jointly estimate the channel and soft symbols when the channel
statistics are unknown.

B. Joint Channel Estimation and Soft Symbol Decoding in the
Absence of Channel Statistics

In joint channel estimation and soft symbol decoding, the
goal is to estimate the posterior statistics of the channel
and data symbols using the received pilot and data symbols.
Further, in the absence of channel statistics, the channel
covariance matrix also needs to be estimated using the
channel estimates obtained over multiple frames. The channel
covariance estimate can be formed either in a sequential
fashion or by processing a batch of consecutive frames. In
this paper, we explore both options using quantized and
unquantized measurements.

In a variational Bayesian framework, the data symbols,
{Xtn

d }Nn=1, the channel vectors, {Htn}Nn=1, and their
covariance matrices, R, are latent variables. Further, since the
receiver has access to only quantized data, the unquantized
pilot and data measurements {Ztn

p }Nn=1 and {Ztn
d }Nn=1 are

also latent variables. The pilot and data samples output by the
low-resolution ADCs, namely, {Ytn

p }Nn=1 and {Ytn
d }Nn=1, are

observed variables. A Bayesian network graphical model for
the MU-MIMO system is shown in Fig. 1, where observed
variables are represented using shaded circles and latent
variables are represented using unshaded circles. Square boxes
denote deterministic parameters such as the noise variance
σ2
w, the transmitted pilot symbols {Xtn

p }Nn=1, and the prior
parameters of the channel covariance matrix, namely, the scale
matrix Ψ and the DoF ν.
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If no constraints are imposed on the posterior pdf,
the distribution that maximizes the evidence log p(Y;ω)
is q(X ) = p(X | Y;ω). Since the exact posterior
p(X | Y;ω) is analytically intractable, mean-field variational
Bayesian inference approximates it using a factorized family
of distributions as in (7) and selects the member that
minimizes the KL divergence from the true posterior. This
factorization also simplifies the computation of the expectation
in (8). In this framework, the posterior distribution of the
unquantized measurements, data symbols, channel vectors,
and their covariance matrices conditioned on all quantized
pilot and data observations is approximated by a factorized
distribution over these variables. The specific approximations
are detailed in the following sections. Further details on
mean-field variational Bayesian inference can be found in [27].

In the sequel, in addition to quantized measurements being
available at the receiver, we also consider the case where
the receiver directly observes unquantized measurements. The
Bayesian graphical model for this case is a simplified version
of Fig. 1, where {Ztn

p }Nn=1 and {Ztn
d }Nn=1 are observed

variables, and {Ytn
p }Nn=1 and {Ytn

d }Nn=1 are eliminated.
In Sec. III, we present the seq-QVB and seq-VBI algorithms,

where the measurements are processed sequentially as they
arrive, while in Sec. IV, we present the batch-QVB and
batch-VBI algorithms, which use a batch of measurements for
estimating the channel statistics.

III. SEQUENTIAL ESTIMATION AND SYMBOL DECODING

Here, we describe the seq-QVB and seq-VBI algorithms
for sequentially estimating the channel covariance matrix,
channel vectors, and soft symbol decoding. The seq-QVB
algorithm accounts for the quantization noise and computes
an approximate posterior pdf of the latent variables, while the
seq-VBI algorithm is designed for unquantized data. In the
sequel, we consider that the processing of the first N − 1
communication frames has been completed, and describe the
processing of the (current) N th frame.

In a sequential algorithm, an approximate posterior pdf
of all latent variables is computed using the measurements
corresponding to the pilot and data symbols of the N th frame
and the approximate posterior pdf of R from the previous
frame. The processing of the N th frame also involves updating
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Fig. 1: Bayesian graphical model for our system setup.

R, estimating the corresponding channels (e.g., as the mean
of the posterior distribution), and soft symbol decoding.

A. Sequential Processing using Quantized Measurements

The seq-QVB algorithm recursively computes the following
approximate factorized posterior pdf of {HtN ,XtN

d ,R}
conditioned on all quantized measurements received up to and
including time frame tN :

p(ZtN
d ,ZtN

p ,XtN
d ,HtN ,R|Ξ; {Xtn

p }Nn=1, σ
2
w) ≈

(

τp∏
s=1

Nr∏
r=1

q(ztNp,rs))(

τd∏
s=1

Nr∏
r=1

q(ztNd,rs))(

τd∏
s=1

K∏
k=1

q(xtN
d,ks))

K∏
k=1

q(htN
k )q(RtN

k ), (9)

where the set Ξ = {{Ytn
p }Nn=1, {Y

tn
d }Nn=1} contains the

quantized measurements used to compute the approximate
pdfs of the latent variables of the N th frame. The
factors {q(ztNp,rs)}

s=τp,r=Nr

s=1,r=1 , {q(ztNd,rs)}
s=τd,r=Nr

s=1,r=1 denote the
approximate posterior pdfs of the unquantized measurements.
The approximate posterior pdfs of the data symbols used for
the soft symbol decoding are denoted by {q(xtN

d,kt)}
t=τd,k=K
t=1,k=1 ,

while that of the channel vectors is denoted by {q(htN
k )}Kk=1.

The pdf q(RtN ) =
∏K

k=1 q(R
tN
k ) approximates the posterior

pdf of the channel covariance matrix R conditioned on Ξ, i.e.,
on the observations available up to time tN .

Using the conditional independence among random
variables as depicted in Fig. 1, the joint pdf of the latent and
observed random variables is

p(ZtN
d ,ZtN

p ,XtN
d ,HtN ,R, {Ytn

d ,Ytn
p }Nn=1)

= p(YtN
p |ZtN

p )p(YtN
d |ZtN

d )p(ZtN
p |HtN ;XtN

p , σ2
w)

× p(ZtN
d |HtN ,XtN

d ;σ2
w)p(X

tN
d )p(HtN |R)

× p(R|{Ytn
p ,Ytn

d }N−1
n=1 ; {Xtn

p }N−1
n=1 , σ

2
w)

× p({Ytn
p ,Ytn

d }N−1
n=1 ; {Xtn

p }N−1
n=1 , σ

2
w).

(10)

We wish to use the above and (8) to sequentially update
the approximate posterior pdfs of the latent variables in (9).
However, the posterior pdf of R based on the previous
N − 1 frames, p(R|{Ytn

p ,Ytn
d }N−1

n=1 ; {Xtn
p }N−1

n=1 , σ
2
w), is

not amenable to sequential estimation, as it depends on
all the past observations. Therefore, we can modify (10)
by replacing p(R|{Ytn

p ,Ytn
d }N−1

n=1 ; {Xtn
p }N−1

n=1 , σ
2
w) with its

approximation, q(RtN−1), available from the previous iteration
of the seq-QVB algorithm.2 This helps to obtain a tractable
sequential algorithm for the estimation of the channel statistics.
The joint pdf in (10) is thus approximated as

p(ZtN
d ,ZtN

p ,XtN
d ,HtN ,R, {Ytn

p ,Ytn
d }Nn=1)

≈ p(YtN
p |ZtN

p )p(YtN
d |ZtN

d )p(ZtN
p |HtN ;XtN

p , σ2
w)

× p(ZtN
d |HtN ,XtN

d ;σ2
w)p(X

tN
d )p(HtN |R)

× q(RtN−1)p({Ytn
p ,Ytn

d }N−1
n=1 ; {Xtn

p }N−1
n=1 , σ

2
w).

(11)

Next, we discuss the computation of each factor in (9)
by minimizing the KL divergence between the true and

2Note that q(RtN−1 ) is different from the factor q(RtN ) in (9).
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approximate posterior distributions. That is, we use (8) and
(11) (note that all factors in (11) are known) to compute the
factors of the approximate pdf in (9). In the following, we
briefly present the derivation of the first factor, q(RtN ). The
other factors can be derived following a procedure similar
to [12]; we only present the final expressions here.

1) Computation of q(RtN )

Following the variational Bayesian estimation principle in
(8) and eliminating terms that do not depend on RtN

k , the
factor q(RtN

k ) that maximizes the ELBO is

log q(RtN
k ) ∝ ⟨log(p(htN

k |Rk)) + log(q(R
tN−1

k ))⟩, (12)

where ⟨·⟩ denotes the expectation of the joint pdf with respect
to (w.r.t.) all factors except q(RtN

k ). Expanding the right hand
side using (3) and (4) and evaluating the expectations yields

log q(RtN
k ) ∝ − log |Rk| − tr(R−1

k (µtN
hk
µtN

hk

H
+ΣtN

hk
))

− (νtN−1 +Nr) log |Rk| − tr(R−1
k Ψ

tN−1

k ), (13)

where µtN
hk

and ΣtN
hk

denote the mean vector and covariance
matrix of q(htN

k ), respectively. Hence, the approximate pdf
q(RtN

k ) is a complex inverse Wishart pdf (q(RtN
k ) ∼

CW−1(ΨtN
k , νtN , Nr)), with DoF and scale matrix

νtN = νtN−1 + 1,

ΨtN
k = µtN

hk
µtN

hk

H
+ΣtN

hk
+Ψ

tN−1

k ,
(14)

respectively. Note that the DoF are updated recursively
according to the first equation in (14). The mean of RtN

k ,
denoted by StN

k , can also be updated recursively as

StN
k =

ΨtN
k

αtN
=

1

αtN
(µtN

hk
µtN

hk

H
+ΣtN

hk
) +

αtN − 1

αtN
S
tN−1

k ,

(15)
where αtN = νtN − Nr. In the first frame (N = 1), we set
q(Rt0) to be the prior distribution p(R) in (4).

2) Computation of q(HtN )

Using (8), the approximate posterior pdf q(htN
k ) =

CN (µtN
hk
,ΣtN

hk
), where

ΣtN
hk

=(∑τp
t=1|x

tN
p,kt|2 +

∑τd
t=1

〈
|xtN

d,kt|2
〉

σ2
w

INr
+ ⟨(RtN

k )−1⟩

)−1

,

µtN
hk

=
1

σ2
w

ΣtN
hk

τp∑
t=1

(⟨ztNp,t⟩ −
∑
k′ ̸=k

µtN
hk′x

tN
p,k′t)x

tN
p,kt

∗

+
1

σ2
w

ΣtN
hk

τd∑
t=1

(
〈
ztNd,t
〉
−
∑
k′ ̸=k

µtN
hk′

〈
xtN
d,k′t

〉
)
〈
xtN
d,kt

∗〉
,

with ⟨(RtN
k )−1⟩ = ((StN

k )−1)
αtN +Nr

αtN
. (16)

In (16), we have used the fact that, when Rk is distributed
as a complex inverse Wishart pdf with scale matrix Ψ and
DoF ν, the expectation of R−1

k is νΨ−1. Note that the mean
vector µtN

hk
of q(htN

k ) can serve as a channel estimate when
point estimates are desired.

Algorithm 1: seq-QVB

Input: YtN
d , YtN

p , {StN−1

k }Kk=1, αtN−1 , Itermax

1 Initialize: {µtN
hk
,ΣtN

hk
}Kk=1, {⟨xtN

d,kt⟩}
k=K,t=τd
k=1,t=1

2 for i = 1, 2, . . . , Itermax do
3 Compute the moments of q(ZtN

p ) and q(ZtN
d )

using (17) and (18)
4 for k = 1, 2 . . . ,K do
5 Compute StN

k and αtN using (15)
6 Compute the moments of q(htN

k ) using (16)
7 Compute q(xtN

d,kt) using (19)
8 end
9 end

10 Decode the data symbols using (20)
Output: αtN , {StN

k }Kk=1,{µ
tN
hk
}Kk=1, {x̂

tN
d,kt}

t=τd,k=K
t=1,k=1

3) Computation of q(ZtN
p ) and q(ZtN

d )

In the graphical model shown in Fig. 1, the unquantized
measurements corresponding to the pilot symbols, ZtN

p , and
data symbols, ZtN

d , are latent variables. Using the factorization
q(ZtN

p ) =
∏τp

t=1

∏Nr

r=1 q(z
tN
p,rt) and (8), the factor q(ztNp,rt) can

be obtained as follows

log q(ztNp,rt) = ⟨log(p(ytNp,rt|z
tN
p,rt)p(z

tN
p,rt|HtN ;XtN

p , σ2
w)⟩

+ const.,

= log(1{
y
tN ,lo
p,rt <z

tN
p,rt≤y

tN ,hi
p,rt

})− 1

σ2
w

⟨|ztNp,rt −
K∑

k=1

htN
rk xp,kt|2⟩

+ const.

We see that q(ztNp,rt) is a truncated complex normal
distribution. Its mean ⟨ztNp,rt⟩ is

µtN
p,rt +

ϕ(
{ytN ,lo

p,rt −µ
tN
p,rt}

σw/
√
2

)− ϕ(
{ytN ,hi

p,rt −µ
tN
p,rt}

σw/
√
2

)

Φ(
{ytN ,hi

p,rt −µ
tN
p,rt}

σw/
√
2

)− Φ(
{ytN ,lo

p,rt −µ
tN
p,rt}

σw/
√
2

)
, (17)

where µtN
p,rt =

∑K
k=1

[
µtN

hk

]
r
xtN
p,kt. The functions ϕ(·) and

Φ(·) denote the pdf and cdf of a standard complex normal
distribution, respectively. The lower and upper limit of the
quantization interval corresponding to the measurement ytNp,rt
are denoted by ytN ,lo

p,rt and ytN ,hi
p,rt , respectively.

Similarly, we can compute q(ZtN
d ) also. The pdf q(ZtN

d ) is
a truncated complex normal, with mean ⟨ztNd,rt⟩ is given by

µtN
d,rt +

ϕ(
{ytN ,lo

d,rt −µ
tN
d,rt}

σw/
√
2

)− ϕ(
{ytN ,hi

d,rt −µ
tN
d,rt}

σw/
√
2

)

Φ(
{ytN ,hi

d,rt −µ
tN
d,rt}

σw/
√
2

)− Φ(
{ytN ,lo

d,rt −µ
tN
d,rt}

σw/
√
2

)

, (18)

where µtN
d,rt =

∑K
k=1

[
µtN

hk

]
r
⟨xtN

d,kt⟩. In the above, ytN ,lo
d,rt and

ytN ,hi
d,rt denote the lower and upper limits of the quantization

interval corresponding to ytNd,rt, respectively.
4) Computation of q(XtN

d )

Soft symbol decoding of the data symbol in the tth symbol
interval of the N th frame is carried out using the approximate
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posterior pdf q(xtN
d,kt) in (9). The data symbols are drawn from

the constellation M. It can be shown that q(xtN
d,kt) follows a

Boltzmann distribution, given by

q(xtN
d,kt) = softmax(f tN

kt (x
tN
d,kt)), where f tN

kt (sm) =

− 1

σ2
w

((µtN
hk
)HµtN

hk
+ tr(ΣtN

hk
))|sm|2 + ln p(sm)

+
2

σ2
w

ℜ{(µtN
hk
)H(⟨ztNd,t⟩−

∑
k′ ̸=k

µtN
hk′ ⟨x

tN
d,k′t⟩)s

∗
m}, (19)

and p(sm) is the prior probability of the symbol sm ∈ M. If
hard decisions are required, we may use

x̂tN
d,kt = argmax

x
tN
d,kt∈M

q(xtN
d,kt). (20)

The seq-QVB algorithm is shown in Algorithm 1. The vectors
{µtN

hk
}Kk=1 can be initialized as (XtN

p
T ⊗ INr

)†vec(Yp)
(maximum likelihood estimates of the channel vectors ignoring
quantization noise). The matrices {ΣtN

hk
}Kk=1 can be initialized

as all zeros. For initializing the data symbols, a linear MMSE
decoder based on the initial channel estimates can be used.

Note that the computation of qkt(x
tN
d,kt) in (20) requires

evaluating the metric for all constellation symbols. The
complexity of computing soft symbol estimates can be
significantly reduced by using standard max-log-MAP
approximations [28]. In addition, for square M -QAM
constellations, when hard symbol estimates are required,
the final decision can be efficiently implemented using
a nearest-neighbor slicer, where the real and imaginary
components are decoded separately. This avoids an exhaustive
search over all M constellation points and reduces
the detection complexity from O(M) to O(

√
M). Such

complexity reduction methods can be particularly useful for
high-order modulation schemes employed in modern wireless
systems. Furthermore, since the symbol-wise posterior
computations are independent across users and symbol
intervals, they can be performed in parallel, further reducing
the overall processing latency. Consequently, the proposed
receiver architecture remains computationally attractive even
for systems employing large constellation sizes and a large
number of simultaneously active users.

B. Sequential Processing using Unquantized Measurements

The seq-QVB algorithm can be modified to perform
sequential estimation using full-resolution ADC outputs. The
observed variables in this unquantized setting are denoted by
{Ztn

d ,Ztn
p }Nn=1. The factorized approximate posterior pdf with

unquantized measurements is given by

p(XtN
d ,HtN ,R|{Ztn

p ,Ztn
d }Nn=1; {Xtn

p }Nn=1, σ
2
w) ≈

(

τd∏
t=1

K∏
k=1

q(xtN
d,kt))

K∏
k=1

q(htN
k )q(RtN

k ).
(21)

The update equations with the above factorization, called
the seq-VBI algorithm in the sequel, are similar to seq-QVB,
with the necessary modifications briefly outlined below.

Computation of q(RtN ): From (10), the factors involving
R do not depend on ZtN

p and ZtN
d . Hence, the update equation

in (15) for the channel covariance matrix remains unchanged;
it depends only on the moments of q(HtN ) and q(RtN−1).

Computation of q(HtN ): The factor q(HtN ) in the
seq-VBI algorithm is a circularly symmetric complex normal
distribution, similar to seq-QVB. The corresponding update
equations are also analogous to those in (16), with the
expectations ⟨ztNd,t⟩ and ⟨ztNp,t⟩ replaced by the unquantized
measurements ztNd,t and ztNp,t, respectively.

Computation of q(XtN
d ): The factor q(XtN

d ) in the seq-VBI
algorithm can be computed by replacing ⟨ztNd,t⟩ in (19) with
the unquantized measurement ztNd,t; the data symbol can be
decoded using (20).

IV. BATCH ESTIMATION AND SYMBOL DECODING

We now develop the batch-QVB algorithm, which uses
a batch of measurements for jointly estimating the channel
statistics, channel vectors, and soft symbols. Unlike sequential
estimation, the batch estimation algorithm does not require
an approximation as in (11) to make the problem tractable.
Therefore, for a given number of frames, batch-QVB can
potentially outperform seq-QVB at the cost of latency, as
decoding happens only after a batch of frames is received.

A. Batch Processing using Quantized Measurements
The approximate factorized posterior pdf for batch-QVB is

p({Ztn
d ,Ztn

p ,Xtn
d ,Htn}Nn=1,R|Ξ; {Xtn

p }Nn=1, σ
2
w) ≈ N∏

n=1

τp∏
s=1

Nr∏
r=1

q(ztnp,rs)

 N∏
n=1

τd∏
s=1

Nr∏
r=1

q(ztnd,rs)


×

 N∏
n=1

τd∏
s=1

K∏
k=1

q(xtn
d,ks)

 K∏
k=1

 N∏
n=1

q(htn
k )

 q(Rk), (22)

where q(R) =
∏K

k=1 q(Rk) approximates the posterior pdf of
the channel covariance matrix R using N frames. The joint
pdf of the latent and observed random variables is given by

p({Ztn
d ,Ztn

p ,Xtn
d ,Htn ,Ytn

d ,Ytn
p }Nn=1,R)

=

N∏
n=1

(
p(Ytn

p |Ztn
p )p(Ytn

d |Ztn
d )p(Ztn

p |Htn ;Xtn
p , σ2

w)

× p(Ztn
d |Htn ,Xtn

d ;σ2
w)p(X

tn
d )p(Htn |R)

)
p(R). (23)

Each factor in (22) can be computed from (23) using (8). A
key difference between (10) used in seq-QVB and (23) used in
batch-QVB is as follows. In seq-QVB, while processing a given
frame, the joint pdf is expressed in terms of the posterior pdf of
R given all observations up to the previous frame. In contrast,
in batch-QVB, the prior pdf of the covariance matrix is used
directly in (23), and all N frames are processed together.

1) Computation of q(R)
Using (8) for maximizing the ELBO, the factor q(Rk)

follows a complex inverse Wishart pdf with parameters

νtN = ν +N, ΨtN
k =

N∑
n=1

(µtn
hk
µtn

hk

H
+Σtn

hk
) +Ψ, (24)

and hence the mean matrix is StN
k = ΨtN

k /(νtN −Nr).
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2) Computation of q(Htn), q(Ztn
p ), q(Ztn

d ), q(Xtn
d )

The update equations for q(Htn), q(Ztn
p ), q(Ztn

d ), and
q(Xtn

d ) remain unchanged: (16), (17), (18) and (19) with
frame numbers going from 1 to N can be used to compute
them, respectively. A difference is that ⟨(RtN

k )−1⟩ used in (16)
remains unchanged across all frames. From (24), it is given
by ⟨(RtN

k )−1⟩ = (StN
k )−1 · νtN /(νtN −Nr).

B. Batch Processing using Unquantized Measurements

The batch-QVB can be modified to obtain batch-VBI, an
algorithm that considers unquantized measurements, by taking
{{Xtn

d ,Htn}Nn=1,R} as the latent variables across N frames,
along with the approximate factorized posterior pdf:

p({Xtn
d ,Htn}Nn=1,R|{Ztn

p ,Ztn
d }Nn=1; {Xtn

p }Nn=1, σ
2
w) ≈

(

N∏
n=1

τd∏
s=1

K∏
k=1

q(xtn
d,ks))

N∏
n=1

K∏
k=1

q(htn
k )q(R). (25)

Similarly, the joint pdf of the latent and observed random
variables is given by

p({Xtn
d ,Htn ,Ztn

d ,Ztn
p }Nn=1,R) =

N∏
n=1

p(Ztn
p |Htn ;Xtn

p , σ2
w)

×
N∏

n=1

p(Ztn
d |Htn ;XtN

d , σ2
w)p(H

tn |R)p(XtN
d )p(R). (26)

Now, using (8) and (26), all the factors in (25) can be
computed. The update equations for q(R) remain unchanged.

The computations of q(Htn) and q(Xtn
d ) in the batch-VBI

algorithm which uses unquantized samples as inputs are
similar to the batch-QVB algorithm, with the expectations
⟨ztnd,t⟩ and ⟨ztnp,t⟩ replaced by the unquantized measurements
ztnd,t and ztnp,t, respectively.

V. PERFORMANCE ANALYSIS

In this section, we analytically evaluate the performance of
the proposed algorithms by deriving a marginalized Bayesian
Cramér-Rao lower bound (MB-CRLB) on the MSE in the
channel covariance matrix estimation. We consider the sensor
data without quantization noise in our analysis. The presence
of quantization noise increases the MSE of the estimated
channel statistics. Hence, the lower bound on the MSE derived
without quantization noise is also valid for the estimation
problem with quantized measurements. In deriving the lower
bound, we assume that the data symbols {Xtn

d }Nn=1 are
decoded correctly; this also further lower-bounds the MSE in
estimating the channel statistics.

Consider the signal model in (1). Let ztnp = vec(Ztn
p ) ∈

CNrτp and ztnd = vec(Ztn
d ) ∈ CNrτd be the measurement

vectors corresponding to pilot and data symbols. The channel
vector during the nth frame is htn = vec(Htn) ∈ CNrK . The
measurement model in (1) can be rewritten as

ztnp = Atn
p htn + vtn

p ,

ztnd = Atn
d htn + vtn

d , n = 1, ..., N
(27)

where Atn
p = [Atn

p1
,Atn

p2
, . . . ,Atn

pK
] = Xtn

p
T ⊗ I ∈

CNrτp×NrK and Atn
d = [Atn

d1
,Atn

d2
, . . . ,Atn

dK
] = Xtn

d

T ⊗ I ∈
CNrτd×NrK . Let Z ≜

{
{ztnp }Nn=1, {z

tn
d }Nn=1

}
represent the

set of measurements. The logarithm of the joint pdf after
marginalizing over the channels {htn

k }K,N
k=1,n=1 is given by

log p(Z) = −
N∑

n=1

log|Ctn
p | −

N∑
n=1

log|Ctn
d |

−
N∑

n=1

ztnp
H
(Ctn

p )−1ztnp −
N∑

n=1

ztnd
H
(Ctn

d )−1ztnd

− (ν +Nr)

K∑
k=1

log|Rk| −
K∑

k=1

tr(R−1
k Ψ) + const. (28)

where Ctn
p = Atn

p RAtn
p
H
+ σ2

wI, C
tn
d = Atn

d RAtn
d

H
+ σ2

wI.
The unknown random variables are denoted by θ =

[θc
T
1 ,θc

T
2 , . . . ,θc

T
K ]T ∈ CKN2

r and θck = vec{Rk}. In the
MB-CRLB, the error covariance matrix of unknown random
variables is lower bounded by [29]

E(θ) ⪰ J−1
B , (29)

where E(θ) = Ep(Z)

{
(θ − θ̂)(θ − θ̂)H

}
is the covariance

of the estimation error, and JB is the marginalized Bayesian
Fisher information matrix (M-FIM) with (i, j)th element

[JB ]ij = −Ep(Z)

{
∂2 ln p(Z)

∂θi ∂θ∗j

}
(30)

The matrix JB = blkdiag{JB1
,JB2

, . . . ,JBK
} is block

diagonal because the channel vectors are uncorrelated across
UEs. Further, the columns of the M-FIM of JBk

are

JBk
= [jBk1

, jBk2
, . . . , jBkN2

r
] ∈ CN2

r×N2
r ,

jBk(i+(j−1)Nr)
= vec

−Ep(Z)

{
∂2 ln p(Z)

∂ [Rk]ij ∂R
∗
k

} .

Computing the partial derivative of the joint pdf in (28) w.r.t.
R∗

k, we get the matrix Gk(R) ∈ CNr×Nr given by

Gk(R)=−
N∑

n=1

(
Atn

pk

H
(Ctn

p )−1Atn
pk+Atn

dk

H
(Ctn

d )−1Atn
dk

)
+

N∑
n=1

Atn
pk

H
(Ctn

p )−1Utn
p (Ctn

p )−1Atn
pk

+

N∑
n=1

Atn
dk

H
(Ctn

d )−1Utn
d (Ctn

d )−1Atn
dk

− (ν +Nr)R
−1
k +R−1

k ΨR−1
k

where Utn
p ≜ ztnp ztnp

H and Utn
d ≜ ztnd ztnd

H
. Computing the

partial derivative of Gk(R) w.r.t. the (i, j)th element of Rk

and evaluating the expectation w.r.t. p(Z|R),3 we get

3Note that log p(Z|R) equals the first four terms of (28) plus a constant.
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Gk
ij(R)=−

N∑
n=1

(
Atn

pk

H
Qtn

p,ijA
tn
pk+Atn

dk

H
Qtn

d,ijA
tn
dk

)
−R−1

k EijR
−1
k ΨR−1

k −R−1
k ΨR−1

k EijR
−1
k

+ (ν +Nr)R
−1
k EijR

−1
k (31)

where Qtn
p,ij ≜ (Ctn

p )−1Atn
pkEijA

tn
pk

H
(Ctn

p )−1, Qtn
d,ij ≜

(Ctn
d )−1Atn

dkEijA
tn
dk

H
(Ctn

d )−1, and Eij is an Nr×Nr matrix
whose (i, j)th element is 1 and the remaining elements are 0.
To compute the marginalized CRLB, we need to find the
expectation of vec(Gk

ij(R)) w.r.t. the prior distribution of Rk.
The resultant vector output becomes the (i + (j − 1)Nr)th
column of the M-FIM of Rk, that is,

jBk(i+(j−1)Nr)
= vec

(
ER

{
Gk

ij(R)
})

(32)

The following theorem is helpful in computing the M-FIM.

Theorem 1. Let R be a complex inverse Wishart distributed
random matrix with scale matrix Ψc and DoF ν. Then, the
expectation of the random matrix ((Atn

p
∗
R∗Atn

p
T
+σ2

wI)−1⊗
(Atn

p RAtn
p
H

+ σ2
wI)−1) w.r.t. the pdf of R satisfies the

following matrix lower and upper bounds:(
1

ν̃
Atn

p
∗
Ψ∗

cA
tn
p

T
+ σ2

wI
)−1

⊗
(
1

ν̃
Atn

p ΨcA
tn
p

H
+ σ2

wI
)−1

⪯ E
(
(Atn

p
∗
R∗Atn

p
T
+ σ2

wI)−1 ⊗ (Atn
p RAtn

p
H
+ σ2

wI)−1
)

⪯
(
Ftn

p
−1

+ 2σ2
wF

tn
p

−1/2
+ σ4

wI
)−1

,

where, Ftn
p = (Atn

p
T ⊗Atn

p
H
)†Γ((Atn

p
∗ ⊗Atn

p )†,

Γ = ν2(Ψ−1
c

T ⊗Ψ−1
c ) + νvec

(
Ψ−1

c

)
vec
(
Ψ−1

c

)H
,

and ν̃ = ν −Nr. (33)

Proof. See Appendix A. ■

The general matrix inequality presented in Theorem 1 could
be of independent interest because an expression of the above
form frequently appears in problems where a complex inverse
Wishart prior distribution is imposed on the covariance matrix,
e.g., see [26]. Also, note that the lower and upper bounds
become tight as ν becomes large. Using the Theorem, we can
compute an upper bound on the M-FIM as follows:

Lemma 1. The M-FIM of kth user, JBk
∈ CN2

r×N2
r , can be

upper bounded as

JBk
⪯

N∑
n=1

(
(Atn

dk

T ⊗Atn
dk

H
)Dtn

d (Atn
dk

T ⊗Atn
dk

H
)H
)

+

N∑
n=1

(
(Atn

pk

T ⊗Atn
pk

H
)Dtn

p (Atn
pk

T ⊗Atn
pk

H
)H
)

+b1

(
Ψ−1T ⊗Ψ−1

)
+ b2vec

(
Ψ−1

)
vec
(
Ψ−1

)H
,

(34)

where Dtn
p = (Ftn

p
−1

+ 2σ2
wF

tn
p

−1/2
+ σ4

wI)−1, Dtn
d =

(Ftn
d

−1
+ 2σ2

wF
tn
d

−1/2
+ σ4

wI)−1, Ftn
p = (Atn

p
T ⊗

Table II: Per-iteration Computational Complexity of seq-QVB

Variables Computational Complexity

{StN
k }Kk=1 KN2

r

{µtN
hk
}Kk=1 KN2

r +K2Nr(τp + τd)

{x̂tN
d,kt}

t=τd,k=K
t=1,k=1 MK2Nrτd

{ΣtN
hk
}Kk=1 K(N3

r + τd)

{⟨ztNp,rt⟩}
τp,Nr

t=1,r=1 KNrτp

{⟨ztNd,rt⟩}
τd,Nr

t=1,r=1 KNrτd

Atn
p

H
)†Γ(Atn

p
∗ ⊗Atn

p )†, Ftn
d = (Atn

d

T ⊗Atn
d

H
)†Γ(Atn

d

∗ ⊗
Atn

d )†, Γ = ν2(Ψ−1
c

T ⊗ Ψ−1
c ) + ν vec(Ψ−1

c )vec(Ψ−1
c )H ,

b1 = Nrν
2 + 2ν + ν3, b2 = Nrν + 3ν2, and Ψc ≜

blkdiag(Ψ, . . . ,Ψ) ∈ CKNr×KNr .

Proof. See Appendix B. ■

With the M-FIM in hand, we can now lower bound the MSE
in estimating the channel covariance matrix as follows:

Theorem 2. [MB-CRLB] The mean squared error in
estimating the (i, j)th element of the kth user’s channel
covariance matrix Rk is lower bounded by[( N∑

n=1

(
(Atn

dk

T ⊗Atn
dk

H
)Dtn

d (Atn
dk

T ⊗Atn
dk

H
)H
)

+

N∑
n=1

(
(Atn

pk

T ⊗Atn
pk

H
)Dtn

p (Atn
pk

T ⊗Atn
pk

H
)H
)

+ b1(Ψ
−1T ⊗Ψ−1) + b2vec(Ψ−1)vec(Ψ−1)H

)−1]
l,l
,

where l = i+ (j − 1)Nr. (35)

Proof. The bound is obtained using (29) and (34). ■

A. Computational Complexity Analysis

Compared to the variational Bayesian algorithms in
[12], [16], seq-QVB and batch-QVB additionally require
the computation of the mean matrices {StN

k }Kk=1 of
the approximate posterior pdf q(RtN ). The order-wise
per-iteration computational complexity of seq-QVB algorithm
is given in Table II. The complexity of computing {ΣtN

hk
}Kk=1

scales cubically with the number of antennas, and this
dominates the computational complexity of the algorithm
in the large number of antennas-regime. It also scales
quadratically in the number of users and linearly in the
data/pilot durations.

In the batch-QVB algorithm, the most recent N
quantized measurements {Ytn

p }Nn=1, {Y
tn
d }Nn=1 are stored

to compute {StN
k }Kk=1. This requires recomputing all

other parameters such as {⟨ztnp,rt⟩}
τp,Nr

t=1,r=1, {⟨ztnd,rt⟩}
τd,Nr

t=1,r=1,
{Σtn

hk
}Kk=1, {µtn

hk
}Kk=1 and {x̂tn

d,kt}
t=τd,k=K
t=1,k=1 from n = 1 to N .

Consequently, the real-time implementation of the batch-QVB
algorithm requires an N -fold higher computational complexity
than the seq-QVB algorithm.

The approximate posterior distributions of the channel
matrices using (16) require matrix inversions, resulting
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in a significant computational burden in the proposed
algorithms. This complexity can be mitigated by employing
approximate message passing (AMP) techniques for linear
mixing models, thereby avoiding explicit matrix inversions in
the computation of posterior means and covariance matrices.
Similar approaches have been considered in the literature [30].
In particular, AMP-based implementations can significantly
reduce the per-iteration computational complexity and memory
requirements, making the resulting algorithms more scalable
to systems with large antenna arrays and a large number
of users. Moreover, AMP-based methods have been shown
to provide accurate approximations to Bayesian inference in
large-scale linear estimation problems while maintaining low
computational complexity [30]. Extending our algorithms in
this direction is an interesting topic for future research.

VI. SIMULATION RESULTS

In this section, we demonstrate the performance of the
seq-QVB, batch-QVB, seq-VBI, and batch-VBI algorithms in
estimating the channel statistics, channel vectors, and decoding
the data symbols. We consider uplink communications and
evaluate the performance of the new algorithms in the presence
and absence of quantization noise, with unknown channel
statistics. The channel estimation accuracy is characterized
using the normalized MSE (NMSE). The data decoding
performance is evaluated by computing the SER as a function
of various system parameters.

The covariance matrix of the kth user is modeled as
Rk =

∑Lpk

l=1 Pkβklaϕlk
aHϕlk

, where Lpk
denotes the number

of propagation paths between the kth UE and the BS. The unit
mean exponentially distributed random variable βkl captures
the small-scale fading of the lth path, while Pk denotes the
transmit power of the kth user [31]. The SNR is defined as
SNRk = Pk

σ2
w

. The mth element of the array response vector
aϕlk

∈ CNr is exp(−j 2πd
λ (m−1) cos(θkl)), where θkl, λ and

d = λ/2 represent the angle of arrival of the lth path from the
kth UE, carrier wavelength, and antenna spacing, respectively.
The arrival angles {θkl}

k=K,l=Lp

k=1,l=1 are distributed uniformly at
random on [0, π). The number of paths is Lpk

= 16. In the
simulation studies, quadrature phase shift keying modulation
is used for the data symbols. The pilot symbol matrix consists
of orthogonal sequences and satisfies Xtn

p Xtn
p

H
= τpI.

First, we evaluate the performance of the sequential
algorithms described in Section III. We consider the
state-of-the-art conv-QVB-JED algorithm described in [16]
for comparison. The conv-QVB-JED algorithm requires
knowledge of the channel covariance matrices. Hence, we use
the identity matrix as the nominal covariance matrix when
running the conv-QVB-JED algorithm.

Fig. 2 shows that the performance of the conv-QVB-JED is
degraded compared to the seq-QVB and seq-VBI algorithms
due to the mismatch between assumed and actual channel
covariance matrix. On the other hand, its performance matches
with that of the seq-QVB algorithm in the genie-aided
case where the channel statistics are revealed to the
conv-QVB-JED decoder. The performance of seq-QVB and
seq-VBI algorithms is comparable to the corresponding
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Fig. 2: SER vs. SNR, with Nr = 30, K = 6, τd = 250, τp =
24, N = 500. Comparison of sequential algorithms. Performance of
proposed algorithms are comparable with the genie-aided decoders.
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Fig. 3: NMSE in channel matrix estimation as a function of the SNR,
with Nr = 30, K = 6, τd = 250, τp = 24, N = 500. The gap
between sequential and the genie-aided decoders is less than 2 dB.

genie-aided decoders that have access to the true covariance
matrix (labeled conv-QVB-JED known stats and VBI
known stats, respectively). Finally, we also compare the
SER with a genie-aided decoder that has perfect channel
state information (CSI). We note that perfect CSI is a strong
assumption when the BS employs low resolution ADCs, since
the pilot signals are also subject to the quantization noise.
Yet, the performance gap is marginal in the quantized case
(seq-QVB) and negligible in the unquantized case (seq-VBI).

Fig. 3 illustrates the NMSE in channel estimation. We see
that estimating channel statistics using seq-QVB or seq-VBI
significantly reduces the NMSE compared to conv-QVB-JED
with mismatched channel statistics. The performance of the
seq-QVB and seq-VBI is in fact comparable to that of a
genie-aided scenario where the exact channel covariance
matrix is known. Fig. 4 shows that the algorithms continue to
perform well as the number of BS antennas Nr is increased.
The SER reduces roughly linearly (in the log scale) with
increasing Nr due to the array gain from the antennas. The
figure also shows the effect of the number of frames, N , used
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Fig. 5: The performance of the batch algorithms is comparable to that
of the genie-aided decoders. Settings: Nr = 42, K = 8, τd = 250,
τp = 48, N = 500.

in the covariance matrix estimation: at N ≈ 100, the SER
gap between the sequential algorithms and genie-aided method
(known channel covariance) becomes negligible.

Next, we evaluate the performance of the batch algorithms
discussed in Section IV. Fig. 5 compares the SER of
batch-QVB and batch-VBI with the conv-QVB-JED and
genie aided decoders. The batch-QVB algorithm significantly
outperforms the conv-QVB-JED algorithm since it estimates
the channel covariance matrix. Further, the SER of batch-QVB
and batch-VBI overlaps with that of the corresponding genie
aided decoders that are aware of the exact channel statistics.
The NMSE in channel estimation is illustrated in Fig. 6.
Compared to the conv-QVB-JED algorithm, the estimation of
channel statistics in batch-QVB helps to reduce the NMSE in
the channel estimates by over 10 dB. As before, the NMSE
in estimating the channel vectors using the batch algorithms
matches with that of the genie-aided receivers.

Fig. 7 depicts the linear reduction in SER with increasing
the number of antennas at the BS, similar to the sequential
algorithms. Note that mismatches in the available channel
statistics degrade the performance of the conv-QVB-JED
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Fig. 6: NMSE in channel matrix estimation vs. the SNR, with Nr =
42, K = 8, τd = 250, τp = 48, N = 500. The performance of the
batch algorithms matches with genie-aided decoders.
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Fig. 7: Comparison of batch algorithms with K = 8, τd = 250,
τp = 48, and SNR −16 dB.

algorithm; the in-situ estimation of channel statistics using
batch-QVB recovers this loss and yields a performance that
overlaps with that of the corresponding genie-aided decoders.

In Fig. 15, we compare the performance of seq-QVB and
batch-QVB algorithms with a varying number of bits used
in analog-to-digital conversion. With 4-bit quantization, the
seq-QVB and batch-QVB algorithms perform on par with
seq-VBI and batch-VBI which use unquantized measurements.
Fig. 17 shows the effect of number of ADC bits in the
estimation error of the channels. Again, a 4-bit ADC suffices
to match with the performance obtained with unquantized
measurements, within the SNR range of interest.

In Fig. 16, we evaluate the tightness of the MB-CRLB
on the MSE of channel covariance matrix estimation derived
in Section V. In simulations, multiple realizations of the
covariance matrix R are used to estimate the MSE in
estimating the channel covariance matrix. In each realization,
R is drawn from a complex inverse Wishart pdf and the
parameters of the pdf (scale matrix and DoF) are used to
initialize the algorithms. The MB-CRLB provides a tight
lower bound to the empirical MSE achieved by the proposed
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Nr = 30, K = 6, τd = 250, τp = 6, and N = 500. Joint processing
provides a 3 dB improvement in SNR at an SER of 10−3.

-24 -22 -20 -18 -16 -14 -12

SNR (dB)

-25

-20

-15

-10

-5

0

N
M

S
E

 i
n

 C
h

a
n

n
 E

s
t 

(d
B

)

Decoupled Processing (3 bits)

seq-QVB (3 bits)

batch-QVB (3 bits)

Fig. 9: NMSE in channel estimation with joint and decoupled
processing; Nr = 30, K = 6, τd = 250, τp = 6, and N = 500.

algorithms. The effect of the number of frames on the MSE
in the covariance matrix estimate is depicted in Fig. 18, at
an SNR of −8 dB. The seq-VBI and batch-VBI algorithms
closely follow the MB-CRLB, with a gap of less than 1 dB.

The importance of joint estimation of channel vectors,
channel statistics, and soft-symbol decoding is illustrated in
Figs. 8 and 9. In the decoupled processing, the estimation of
channel vectors, channel statistics, and soft-symbol decoding
is carried out separately. Joint processing of the measurements
corresponding to pilot symbols and data symbols reduces the
NMSE of the channel vector estimate by more than 10 dB
at an SNR of −18 dB. Similarly, we observe a significant
improvement in SER performance, where an SNR gain of
approximately 3 dB is achieved at an SER of 10−3.

The sequential and batch algorithms do not require the
pilot sequences to be orthogonal across the UEs. We compare
the performance of the proposed algorithms using orthogonal
and non-orthogonal pilot sequences in Figs. 10 and 11. The
Zadoff–Chu sequences are employed as the non-orthogonal
pilot symbols. The simulation results show that the differences
in SER and NMSE obtained using orthogonal and Zadoff–Chu
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Fig. 10: Comparison of orthogonal and non-orthogonal pilot
sequences with Nr = 30, K = 6, τd = 250, τp = 24, and N = 500.
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Fig. 11: NMSE in channel estimation for orthogonal and
non-orthogonal pilot sequences, with Nr = 30, K = 6, τd = 250,
τp = 24, and N = 500.

sequences are negligible. In the design of Zadoff–Chu
sequences, the first six root indices that are relatively prime
to τp = 24 are selected for K = 6, resulting in the set
{1, 5, 7, 11, 13, 17}. Since τp = 24 is even, the Zadoff–Chu
sequence corresponding to the root index u is generated as
zu(n) = exp

(
−jπun2/τp

)
, n = 0, 1, . . . , τp − 1. Each

sequence is then normalized by 1/
√
τp to obtain unit energy.

Finally, the normalized sequences are assigned as the pilot
sequences for the six users.

The proposed variational Bayesian algorithms can be
viewed as instances of the majorization-minimization
framework. Specifically, the KL divergence between the
approximate posterior pdf and the true posterior pdf is
guaranteed to be non-increasing at each iteration, thereby
ensuring convergence to a local optimum. The convergence
behavior of the proposed algorithm is illustrated in Fig. 12.
The results show that the SER converges within about 10
iterations.

The effect of pilot length is illustrated in Figs. 13
and 14. While increasing τp improves channel estimation
and data detection, the proposed joint framework substantially



13

0 5 10 15 20 25 30

Number of Iterations

10
-5

10
-4

10
-3

10
-2

S
E

R

seq-QVB (3 bits)

batch-QVB (3 bits)

seq-VBI (3 bits)

batch-VBI (3 bits)

Fig. 12: SER vs. number of iterations, with Nr = 30, K = 6,
τd = 250, SNR = −13 dB, τp = 24, and N = 500.

reduces pilot requirements by exploiting both pilot and data
observations. In particular, the channel estimation NMSE falls
below −20 dB with only τp = 6 pilots and τd = 250
data symbols. Further increases in τp yield only marginal
NMSE and SER improvements, indicating that the proposed
algorithms achieve high performance with low pilot overhead.

Discussion: In the batch algorithms, decoding {Xtn
d }Nn=1

requires computing q(R) and {q(Htn), q(ztnp ), q(ztnd )}Nn=1

using all quantized measurements {Ytn
p ,Ytn

d }Nn=1.
Consequently, decoding Xt1

d requires observations from
all N frames, leading to a latency of approximately N
communication frames and increased memory requirements.
In contrast, the sequential algorithms decode the data symbols
in the N th frame using only the current measurements
{YtN

p ,YtN
d } and the covariance statistics {StN−1

k }Kk=1 from
previous frames. Hence, seq-QVB and seq-VBI achieve
a latency of approximately one communication frame
while significantly reducing memory and computational
requirements. This reduction in latency comes at a slight
performance loss. Unlike the batch algorithms, newly
received measurements are not used to refine latent variables
associated with earlier frames, and the approximation in
(11) is required for tractability. By jointly processing all
available observations, the batch algorithms can exploit
the measurements more effectively and achieve improved
channel estimation accuracy. Therefore, for a given number of
communication frames, batch-QVB can potentially outperform
seq-QVB at the cost of increased latency. The results in Figs. 9
and 14 confirm this trend, showing that the batch algorithms
achieve slightly lower NMSE than the sequential algorithms.

In this simulation study, the conv-QVB-JED algorithm
is used as a benchmark. A detailed comparison of
conv-QVB-JED with other state-of-the-art joint channel
estimation and symbol decoding algorithms is provided in
[16]. Note that these algorithms assume perfect knowledge
of the channel covariance matrices. Consequently, their
performance degrades when the assumed channel statistics
are mismatched with the actual channel statistics. In contrast,
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Fig. 14: NMSE vs. number of pilot symbols (τp) with Nr = 30,
K = 6, SNR = −17 dB, and N = 500.

the proposed sequential and batch algorithms estimate the
channel statistics in-situ by jointly processing the observations
corresponding to both pilot and data symbols. Therefore,
the proposed methods exhibit increased robustness to
statistical mismatches and can outperform existing approaches
that require accurate knowledge of the channel statistics.
When perfect channel statistics are available, the proposed
algorithms achieve performance close to conv-QVB-JED,
further confirming that the main performance differences arise
from the unknown-statistics setting rather than the underlying
inference framework. Overall, the simulation results illustrate
that, when the channels are correlated, it is crucial to
incorporate the estimation of channel statistics into the receiver
chain in order to obtain good performance.

VII. CONCLUSIONS

We considered the joint estimation of channel statistics,
channel vectors, and soft symbol decoding in the uplink of a
MU-MIMO system where low-resolution ADCs are employed
at the BS. We introduced sequential and batch algorithms
for estimating the channel covariance matrix. The sequential
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update of the covariance matrix within a variational Bayesian
framework reduces latency in joint estimation and symbol
decoding. We derived a marginalized Bayesian CRLB for
estimating the channel covariance matrix. We empirically
evaluated the MSE of the estimated channel covariance matrix
and showed that it is close to the marginalized CRLB. We
also evaluated the performance of the proposed algorithms
using Monte Carlo simulations and demonstrated the utility
of accurately estimating the channel covariance matrix in the
subsequent channel estimation and data decoding. Future work
can consider optimal quantizer design based on the analytical
results developed here, theoretical analysis of the impact of
imperfect covariance estimation on metrics such as achievable
data rate and BER, and extension to multi-cell scenarios
accounting for inter-cell interference.

APPENDIX A: PROOF OF THEOREM 1

A function G(R) is said to be convex in the matrix
inequality sense if the scalar function f(R) = wHG(R)w
is convex for any choice of the vector w. Moreover, the
function f(R) is convex if and only if the function g(α) =
f(R0 + αR1) is convex in the scalar α ≥ 0 for any choice
of non-negative definite matrices R0 and R1. Expanding
G(R) = (Atn

p
∗
R∗Atn

p
T
+ σ2

wI)−1 ⊗ (Atn
p RAtn

p
H
+ σ2

wI)−1,
we get

G(R) =(Atn
p

∗
R∗Atn

p
T ⊗Atn

p RAtn
p

H
+ σ2

wI⊗Atn
p RAtn

p
H

Atn
p

∗
R∗Atn

p
T ⊗ σ2

wI+ σ4
wI)−1

Using the eigenvalue decomposition of the positive definite
matrix Atn

p RAtn
p

H
= UΛUH , we have G(R) = (V(Λ ⊗

Λ)VH + V(I ⊗ Λ + Λ ⊗ I)VHσ2
w + σ4

wI)−1, where V =
(U∗⊗U). Let (λi + λj)σ

2
w denote a diagonal element of

σ2
w(I ⊗ Λ + Λ ⊗ I). Using the arithmetic–geometric mean

inequality, this term can be lower bounded as 2
√
λiλjσ

2
w.

Substituting this into the expression above gives

G(R) ⪯ G1(R) (36)

= (V(Λ⊗Λ)VH + 2σ2
wV(Λ1/2 ⊗Λ1/2)VH + σ4

wI)−1

=((Atn
p

∗ ⊗Atn
p )(R∗ ⊗R)(Atn

p
T ⊗Atn

p
H
)+

2σ2
w((A

tn
p

∗ ⊗Atn
p )(R∗ ⊗R)(Atn

p
T ⊗Atn

p
H
))

1
2 + σ4

wI)−1

Let us define the transformation Z = ((Atn
p

∗ ⊗ Atn
p )(R∗ ⊗

R)(Atn
p

T ⊗Atn
p

H
))−1. Then, G1(R) = ((Atn

p
∗⊗Atn

p )(R∗⊗
R)(Atn

p
T ⊗ Atn

p
H
) + 2σ2

w(A
tn
p

∗ ⊗ Atn
p )(R∗ ⊗ R)(Atn

p
T ⊗

Atn
p

H
)

1
2 + σ4

wI)−1 = G2(Z), where G2(Z) = (Z−1 +

2σ2
wZ

−1/2 + σ4
wI)−1 with Z appropriately defined. The

function G2(Z) is concave w.r.t. the matrix inequality (the
proof is in the supplemental material). Thus, by Jensen’s
inequality, E(G2(Z)) ⪯ G2(E(Z)). From (36), the matrix
G(R) is upper bounded by G1(R) = G2(Z). Hence,
E(G(R)) can be upper bounded as

E(G(R)) ⪯ E(G2(Z)) ⪯ G2(E(Z)). (37)

The closed-form expression of E(Z) is

E(Z) = Ftn
p = (Atn

p
T ⊗Atn

p
H
)†Γ((Atn

p
∗ ⊗Atn

p )†,
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Fig. 15: SER vs. SNR, with Nr = 30, K = 6, τd = 250, τp = 24,
N = 500. The SER with 4-bit ADC measurements is comparable to
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Fig. 16: MSE in channel covariance matrix estimation vs. SNR with
Nr = 20, K = 4, τp = 4 and N = 1000. Comparison of different
QVB based algorithms with the MB-CRLB in Theorem 2.

where, Γ = E
(
(R∗)

−1 ⊗ (R)
−1
)

= ν2(Ψ−1
c

T ⊗Ψ−1
c ) + νvec

(
Ψ−1

c

)
vec
(
Ψ−1

c

)H
. (38)

The derivation of E
(
(R∗)−1 ⊗ (R)−1

)
is given in the

supplemental material. Using (37) and (38), the final upper
bound becomes

E
(
(Atn

p
∗
R∗Atn

p
T
+ σ2

wI)−1 ⊗ (Atn
p RAtn

p
H
+ σ2

wI)−1
)

⪯
(
Ftn

p
−1

+ 2σ2
wF

tn
p

−1/2
+ σ4

wI
)−1

.

Using a similar approach, we can show that
E((Atn

p
∗
R∗Atn

p
T

+ σ2
wI)−1 ⊗ (Atn

p RAtn
p
H

+ σ2
wI)−1) ⪰

(Atn
p

∗E(R)∗Atn
p

T
+ σ2

wI)−1 ⊗ (Atn
p E(R)Atn

p
H

+ σ2
wI)−1.

The details of the derivation of the above lower bound are
provided in the supplemental material.



15

APPENDIX B: PROOF OF LEMMA 1

From (32), the expectations of {Gk
ij(R)}i=Nr,j=Nr

i=1,j=1

w.r.t. the pdf of R are required for computing the
M-FIM. Here, Gk

ij(R) is given by (31), which consists
of five terms. We evaluate the expectations of these
terms one by one. Considering the first term, we
note that vec(Atn

pk

H
Qtn

p,ijA
tn
pk) =

(
Atn

pk

T ⊗Atn
pk

H
)

×((
Ctn

p
T
)−1

⊗
(
Ctn

p

)−1
)

×
(
Atn

pk

T ⊗Atn
pk

H
)H

vec(Eij).

Collecting {vec(
∑N

n=1 A
tn
pk

H
Qtn

p,ijA
tn
pk)}

i=Nr,j=Nr

i=1,j=1 together,
we obtain the N2

r ×N2
r matrix Sk

p(R) given by

Sk
p(R) =

N∑
n=1

(
(Atn

pk

T ⊗Atn
pk

H
)((Atn

p
∗
R∗Atn

p
T
+ σ2

wI)−1

⊗ (Atn
p RAtn

p
H
+ σ2

wI)−1)(Atn
pk

T ⊗Atn
pk

H
)H
)

We compute the expectation of Sk
p(R) w.r.t. p(R):

E(Sk
p(R)) =

N∑
n=1

(
(Atn

pk

T ⊗Atn
pk

H
)E
{
(Atn

p
∗
R∗Atn

p
T
+ σ2

wI)−1

⊗(Atn
p RAtn

p
H
+ σ2

wI)−1
}
(Atn

pk

T ⊗Atn
pk

H
)H
)
.

The exact computation of E((Atn
p
∗
R∗Atn

p
T

+ σ2
wI)−1 ⊗

(Atn
p RAtn

p
H
+σ2

wI)−1) is difficult. Hence, we upper bound it
using Theorem 1 to get a lower bound on the MSE. Thus, an
upper bound of E(Sk

p(R)) is given by

N∑
n=1

(
(Atn

pk

T ⊗Atn
pk

H
)Dtn

p (Atn
pk

T ⊗Atn
pk

H
)H
)
. (39)

Similarly, we upper bound the second term, E(Sk
d(R)), as

N∑
n=1

(
(Atn

dk

T ⊗Atn
dk

H
)Dtn

d (Atn
dk

T ⊗Atn
dk

H
)H
)
,

where Dtn
p and Dtn

d are (Ftn
p

−1
+2σ2

wF
tn
p

−1/2
+σ4

wI)−1 and

(Ftn
d

−1
+ 2σ2

wF
tn
d

−1/2
+ σ4

wI)−1, respectively. The matrices
Ftn

p and Ftn
d are (Atn

p
T ⊗Atn

p
H
)†Γ((Atn

p
∗⊗Atn

p )†, (Atn
d

T ⊗
Atn

d

H
)†Γ((Atn

d

∗ ⊗ Atn
d )†, respectively. The matrix Γ =

ν2(Ψ−1
c

T ⊗ Ψ−1
c ) + νvec

(
Ψ−1

c

)
vec
(
Ψ−1

c

)H
, where Ψc =

blkdiag(Ψ,Ψ, . . . ,Ψ) ∈ CKNr×KNr . The computation of
the expectations of the remaining terms, namely, R−1

k EijR
−1
k ,

R−1
k EijR

−1
k ΨR−1

k and R−1
k ΨR−1

k EijR
−1
k , w.r.t. p(R)

are detailed in supplemental material. The expression for
E(R−1

k EijR
−1
k ) is given by

E(R−1
k EijR

−1
k ) = νΨ−1eTj Ψ

−1ei + ν2Ψ−1eie
T
j Ψ

−1.

Let Sk
w1

(R) ∈ CN2
r×N2

r be the matrix with columns
{vec(R−1

k EijR
−1
k )}i=Nr,j=Nr

i=1,j=1 . Then, E(Sk
w1

(R)) is given by
E(Sk

w1
(R)) = νvec(Ψ−1)vec(Ψ−1)H + ν2(Ψ−1T ⊗ Ψ−1).
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Fig. 17: NMSE vs. SNR for varying ADC resolutions (Nr = 30,K =
6, τd = 250, τp = 24, N = 500). QVB performance improves
with resolution, matching the unquantized seq-VBI and batch-VBI
baselines at 4-bits.
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Fig. 18: MSE in channel covariance matrix estimation vs. number
of frames, N , with Nr = 20, K = 4. The MSE (in dB) decreases
linearly with N , particularly in the absence of quantization noise.

The expression for E(R−1
k ΨR−1

k EijR
−1
k ) is given by

E(R−1
k ΨR−1

k EijR
−1
k ) = (νNr + 2ν2)Ψ−1eTj Ψ

−1ei

+ (ν +Nrν
2 + ν3)Ψ−1eie

T
j Ψ

−1.

Arranging {vec(R−1
k ΨR−1

k EijR
−1
k )}i=Nr,j=Nr

i=1,j=1 as columns
of Sk

w2
(R) ∈ CN2

r×N2
r and taking the expectation, we get

E(Sk
w2

(R)) =(νNr + 2ν2)vec(Ψ−1)vec(Ψ−1)H

+ (ν +Nrν
2 + ν3)Ψ−1T ⊗Ψ−1.

Similarly, we construct the matrix Sk
w3

(R) with columns
{vec(R−1

k EijR
−1
k ΨR−1

k )}i=Nr,j=Nr

i=1,j=1 , and it is easy to show
that E(Sk

w3
(R)) = E(Sk

w2
(R)).

Using the above upper bounds, the M-FIM of the kth user,
JBk

∈ CN2
r×N2

r , can be upper bounded as

JBk
⪯

N∑
n=1

(
(Atn

dk

T ⊗Atn
dk

H
)Dtn

d (Atn
dk

T ⊗Atn
dk

H
)H
)

(40)
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+

N∑
n=1

(
(Atn

pk

T ⊗Atn
pk

H
)Dtn

p (Atn
pk

T ⊗Atn
pk

H
)H
)

+b1(Ψ
−1T ⊗Ψ−1) + b2 vec(Ψ

−1) vec(Ψ−1)H ,

where the scalar constants b1 and b2 are Nrν
2+2ν+ ν3, and

Nrν + 3ν2, respectively.
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