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Cross-Domain Joint Channel and Data Estimation
for mmWave MIMO-OFDM Systems
With Low-Resolution ADCs
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Koji Ishibashi, Senior Member, IEEE, Shinsuke Ibi, Senior Member, IEEE, and Hideki Ochiai, Fellow, IEEE

Abstract—This paper proposes a novel cross-domain joint
channel and data estimation (JCDE) algorithm based on expec-
tation propagation (EP) for millimeter-wave (mmWave) multiple-
input multiple-output orthogonal frequency-division multiplexing
(MIMO-OFDM) systems equipped with low-resolution analog-to-
digital converters (ADCs). In the design of an EP-based message-
passing algorithm (MPA), messages are formulated by projecting
the true posterior distribution of the unknown signal onto a
Gaussian distribution through moment matching (MM), which can
be modeled as the additive white Gaussian noise (AWGN) channel
output of the unknown signal. Consequently, executing domain
conversion within this message space enables signal processing
in a suitable domain unaffected by quantization distortion.
Specifically, the proposed algorithm consists of an antenna-delay
(AD)-domain de-quantization (DQ) process that reconstructs the
original signal prior to ADCs from quantized observations, a
beam-delay (BD)-domain channel estimation (CE) that leverages
the stochastic sparse structure of wireless channels, and an
antenna-frequency (AF)-domain data detection (DD) that aligns
with the OFDM format. This cross-domain strategy, tailored to
the EP framework, facilitates low-overhead and high-precision
JCDE. Computer simulations show that the proposed method
not only significantly outperforms the state-of-the-art (SotA) but
also approaches the performance of an idealized Genie-aided
scheme under certain system conditions.

Index Terms—MmWave MIMO-OFDM, low-resolution ADCs,
expectation propagation, frequency-selective fading.

I. INTRODUCTION

Millimeter-wave (mmWave) multiple-input multiple-output
orthogonal frequency-division multiplexing (MIMO-OFDM)
technology is a promising solution for delivering high data
rates and low latency in wireless communication services by
utilizing the extensive spectrum accessible in the 30-300 GHz
range [1]. Although compact antenna elements can be densely
arranged in mmWave MIMO base stations (BSs), the primary
challenges to their practical application are increased power
consumption and implementation costs; this constraint inhibits
the deployment of a complete radio-frequency (RF) chain for
each antenna [2]. In particular, analog-to-digital converters
(ADCs) and data interface cards are power-hungry devices.
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The utilization of high-resolution ADCs for each antenna
necessitates the processing of numerous parallel Giga samples
per second data streams, which substantially elevates the need
for digital signal processing and leads to excessive power
consumption [3]. One approach to addressing this issue is to
reduce the resolution of the ADCs to a minimal level, e.g., as
low as one bit; this results in a trade-off between augmenting
the number of RF chains and decreasing the number of
quantization bits for ADCs [4]-[6]. The power consumption
of interface cards is contingent upon the resolution; hence,
decreasing the number of bits in the ADC decreases the power
consumption of the baseband circuit [7].

Nevertheless, the low-resolution ADC results in significant
information loss, complicating subsequent signal processing.
In particular, to acquire high-precision channel state informa-
tion (CSI), it is necessary to transmit excessively lengthy pilot
sequences to mitigate information loss, resulting in inevitable
system performance decrease owing to communication over-
head. Moreover, the high directivity of mmWave signals
renders their propagation exceedingly vulnerable to environ-
mental variations [8], making the practical implementation of
extended pilot-based channel estimation (CE) unrealistic [9].
Consequently, it is essential to acquire high-precision CSI us-
ing brief pilot sequences, and there are two primary directions
to accomplish this objective.

One direction is to design an efficient CE algorithm. By
exploiting the statistical properties of the mmWave wire-
less channel, we may reduce the effective unknown vari-
able space and achieve high-precision CE with shorter pilot
sequences [10]-[13]. In mmWave MIMO-OFDM systems,
signals are received in the antenna-delay (AD) domain, but the
beam-delay (BD) domain is the most efficient for CE. This
is predicated on the observation that the mmWave wireless
channel consists of a limited number of paths [14]. Projecting
signals into the angular domain by full-digital beamforming
(FDBF) results in a sparse channel impulse response (CIR) in
the BD domain, which can be used to substantially decrease
pilot overhead. Nevertheless, utilizing the low-resolution ADC
complicates such domain conversion; hence, CE algorithms
have been investigated to leverage this sparse structure in the
presence of nonlinear quantization errors.

The predominant approach is linearization derived from
Bussgang’s theorem [15]-[17]. The Bussgang minimum mean
square error (BMMSE) filtering, developed from the linear
regression model following Bussgang decomposition [18],
is one of the most common CE methods for 1-bit MIMO
receivers. However, for CIR estimation, it necessitates the
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prior acquisition of an accurate delay profile. Furthermore,
when the number of quantization bits is minimal (< 3), the
performance deteriorates markedly due to interference from
quantization distortion, which hinders the full exploitation of
channel sparsity [19]-[21]. A more elaborate alternative is
the Bayesian CE algorithm based on message-passing de-
quantization (MPDQ) [20]-[26]. This method iteratively al-
ternates between de-quantization (DQ), which reconstructs the
original pre-quantized signal from the quantized observations,
and the estimation of unknown variables, thereby enabling
sparsity-aware beam-domain CE even in the presence of quan-
tization noise [27]-[31]. To implement FDBF on quantized ob-
servations and formulate the CE problem for channel sparsity
exploitation, MPDQ must be applied to an augmented received
signal model whose dimensionality is equal to the product
of the number of receive antennas and the number of time
slots, thereby considerably increasing the computational and
processing complexity [27], [28]. Consequently, low-overhead
and high-precision CE algorithms in the BD domain for
mmWave MIMO-OFDM systems with low-resolution ADCs
are currently under development!.

The other direction involves the extension to a joint channel
and data estimation (JCDE) algorithm based on Bayesian
bilinear inference (BBI) [35]-[40]. This approach exploits the
estimated data symbols as a soft pilot sequence, facilitating
a notable reduction in pilot length without compromising
estimation performance. The performance bound of the CE
algorithms is fundamentally constrained by the pilot length,
irrespective of the inference framework employed. To mitigate
this limitation, it is essential to utilize not only the reference
pilot signal but also the data signal. There are several studies of
JCDE algorithms under quantization observations [20]-[24],
but to our knowledge, there is a significant lack of research
focused on the design of JCDE algorithms that incorporates
channel sparsity within the BD domain. Reference [28] is
one of the limited examples; however, it necessitates iterative
calculations of the inverse matrix on the extended signal model
described above, resulting in prohibitively high computational
cost. In OFDM transmission, performing DD in the frequency
domain is also desirable. However, this domain conversion is
non-trivial due to inter-subcarrier interference caused by quan-
tization noise [23], [41]. Therefore, the design of the Bayesian
JCDE algorithm for mmWave MIMO-OFDM systems under
low-resolution ADCs remains an unresolved challenge.

In light of the above, this paper proposes a novel cross-
domain JCDE algorithm based on expectation propagation
(EP) [42]-[46], designed to address and eliminate the limi-
tations associated with existing methods. The primary charac-
teristic of the proposed method is its execution of all domain
conversion processing within the message space, focusing on
the fact that in the EP framework derived on the generalized
linear model (GLM), all messages exchanged on a factor

'While details are omitted here, various approaches have been studied
for data detection (DD) with low-resolution ADCs. In addition to BMMSE
filtering and MPDQ [26], which were also introduced in the context of CE,
a range of techniques—particularly for 1-bit ADCs—have been proposed, in-
cluding autoencoding-based methods [32], sphere decoding exploiting symbol
discreteness [33], and iterative detection leveraging error correction [34].

graph (FG) are projected onto Gaussian distributions through
moment matching (MM). This enables the execution of DQ
processing, CE, and DD within the designated signal space
without the need to expand the signal model as in [27], [28].
Our contribution is fundamentally algorithmic, such that our
results are presented in terms of the normalized mean square
errors (NMSEs) of estimated channel coefficients and bit error
rates (BERs) computed from actual constellation points:

e A novel cross-domain Bayesian JCDE algorithm is pro-
posed, employing a message-passing algorithm (MPA)
designed within the EP framework for GLM. In this
framework, the AD-domain DQ process, the BD-domain
CE, and the antenna-frequency (AF)-domain DD are
interconnected through domain converters within the
message space. The key theoretical contribution is that
all processing steps, including domain conversion, are
consistently derived within the EP framework, without
introducing any additional assumptions or approximations
beyond those inherent in the original EP derivation. This
unified formulation is made possible by extending the
GLM-based EP framework to handle BBI. To the best of
our knowledge, this is the first paper to present a system-
atic cross-domain JCDE mechanism based on message-
space domain conversion that remains fully consistent
with MM.

o To validate the proposed cross-domain JCDE algorithm
in mmWave MIMO-OFDM systems with low-resolution
ADCs, we evaluate its performance under various system
parameters. Simulation results demonstrate that the pro-
posed method consistently outperforms state-of-the-art
(SotA) alternatives across all tested scenarios and closely
approaches the performance of a Genie-aided scheme
with perfect CSI. Notably, in our simulation setup, 3-bit
quantization is sufficient to achieve performance close to
that of the unquantized reference performance.

« New insights into the trade-off between spatial degrees of
freedom (DoF) and ADC resolution are presented. When
the total number of bits transferred to the data interface
card is fixed, increasing the quantization resolution to
2 bits—at the expense of reduced spatial DoF—yields
significant performance improvements. However, as the
quantization resolution increases further, the marginal
gains diminish rapidly, and increasing spatial DoF be-
comes more critical for performance enhancement.

Notation: A set of complex numbers is denoted by C.

Vectors and matrices are denoted in lower- and upper-case
boldface fonts, respectively. The conjugate, transpose, and
conjugate transpose operators are denoted by (-)*, ()T, and
()Y, respectively. The real and imaginary parts of a complex
variable @ are denoted by a® (= R{a}) and a° (= I {a}),
respectively, and defined as C = {®,$}. Random variables
and their outcomes are denoted in sans serif and italic fonts,
respectively, as in a and a, such that the conditional prob-
ability density function (PDF), the conditional expectation,
and conditional variance of the outcome a of a, given the
occurrence b of b and a set A are respectively denoted by
Pajp(alb; A), E,lalb; A], and V,[a|b; A]. The real and complex
Gaussian distributions with mean a and variance b that a
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variable x follows are respectively denoted by N (z;a,b)
and CN (z;a,b), and in equations the probability density at
x = & is denoted by N (z;a,b) and CN (;a,b). The a X a
square identity matrix is denoted by I,. The (i, j)-th element
of a matrix A is denoted by [A]; ;. The diagonal matrix
constructed by placing the elements of a vector a on its
main diagonal is denoted by diag[a]. The vector generated
by cyclically shifting a vector a to the down by p is denoted
by (a),. The Frobenius norm is denoted by | - |r. The Dirac
delta function is denoted by §(-). The PDF and the cumulative
distribution function (CDF) of the standard normal distribution
are denoted by ¢(a) £ \/%e* = and @(a) = [*__ ¢(a

respectively, and the complementary functlon of @( ) is de-
noted by £2(a) £ 1-d(a) = [ ¢(a )da Finally, we use the

notation [, f(a) £ [*_ f(a)da and 2#3 a; = Zle a;—a;.

II. SYSTEM MODEL
A. Signal Model

Consider an uplink massive multi-user MIMO-OFDM sys-
tem composed of a BS having N receive (RX) antennas
and serving M (< N) single-antenna user equipment (UE)
devices. The frequency-domain transmit (TX) symbol matrix
from the m-th UE is expressed as

xm,T} S CKCXTa (la)

T scot] - € CEXT 0 (1b)

X,

= [xm,la ceey
A

Tty -y

Lm,t [xm,lty sy Tmkety s e s

where K. and T are the numbers of subcarriers and OFDM
symbols, respectively. Each symbol represents a (known) pilot
symbol or data symbol. The data symbol represents one among
J constellation points X £ {x1,-*,Xj, -+, X}, Where the
average power density of X is denoted by FEj. Denoting a
K-point fast Fourier transform (FFT) matrix by F’, the time-
domain OFDM symbol can be expressed as

Smt = Flla,, , € CRx1, (2)

A cyclic prefix (CP) is then inserted into the time-domain
OFDM symbols, and the resultant signal is transmitted.

At the receiver, the RX signal observed at each RX an-
tenna is converted to a baseband signal, and then the CP is
removed. Assuming frequency-selective fading channels, the
time-domain RX matrix for the ¢-th OFDM symbol in the AD

domain Y; € CV*¥e< can be expressed as
M P
Y, =D Y apmlspmil + Wi 3)
m=1p=1

where p € {1,2,---,P} is a path delay index, a,,, =
[@pimy -+ Qpmy - Gp Nm]T € CN*1 is a CIR vector
for the m-th UE at the p-th delay tap, and sp.;,; =

(ts,n,,g)p_1 is a cyclic TX vector. With slow TX power con-

trol, the total path gain, i.e., £ = 25:1 Eap o |
is assumed to be known at the receiver side.
(Wit e Weg, - we ] € CN*Ee is an additive white
Gaussian noise (AWGN) matrix, where w;j_~ follows
C./\/'('wt ke; O NOIN) with the noise spectral density Ny, i.e.,

Ew, . [wt,kc (w,)"] = Noln.

2
Ap nm ’ } s

w, =

Introducing an index u = ((m — 1) - P +p) € {1,--- ,U},
(U & MP) consisting of the path index p and UE index m,
(3) can be rewritten as

M
Y, = Z Z @ [su1]" + Wi =

m=1u€Uy,

U
Z Qy [su7t]T + Wt7 (4)

u=1

={ul|(m-1)

where a, = apm, Su,t = Spm,t, and Uy,

P+1,---,m- P}. From (4), the spatio-temporal AD-domain
RX matrix Y € CV*X can be expressed as
U
Y2V, Y Y =Y aus] W, ()
with !
Sy & [su.17"'78u,t""733,T}T e CKx1, (6a)
Wé[Wl,...,Wh...,WT]e(CNXK, (6b)

where K £ K_T. Accordingly, the (n, k) element of Y can
be expressed as

U
Ynk = Z AnuSuk T Wnk = Znk + Wk, (7)
u=1

where a,, = [au]ml, Sup = [Su]k,p Znk = 25:1 GnuSuks

and wpy = [W],, 1» with the index & 2(t—-1)-K.+k)€
K2{1,--- ,K}.

For later convenience, let 7, denote the set of time indices
to which pilot symbols are assigned, and 73 denote the set of
time indices to which data symbols are assigned, and further
define the corresponding symbol index sets by K, and K4,
respectively. Denoting the set of symbol indices at the t-th
time index by K; £ {k e K | (t—1) - K.+ 1,--- ,t- K.},
then K, £ User, K¢ and Kq £ User, Ki» where we define
Kp = |’Cp| and Kd = |Kd|, i.e., K= Kp + Kd.

B. Quantization With Low-Resolution ADCs

The in-phase and quadrature components of the signal
received at each antenna are individually quantized using an
ADC with b-bit resolution. The b-bit ADC can be charac-
terized by a set of 2° 4+ 1 quantization thresholds R
{X0, A1, -, A}, such that —oco < Ag < Ap < -+
Ay < 00, and a set of b representative values L
{lo,l1,...,los_1}, where I; € (A;, Ai+1]- The joint operation
of the N b-bit ADCs at the receiver can be represented by the
quantization function Qi *% (-) : RNXK — £N*K that maps
the AD-domain RX matrix Y to the corresponding quantized
output matrix R, defined by

where the (n,k) element of R is obtained from the corre-
sponding quantization label as [21]

> A >

Tsyfk = 1><1 (ynk) - lla lf ynk S (>‘13 /\l+1] (93)
nk = ZI;XI (ynk) =1, if ynk € (Aj; Aj+1l- - (Ob)

For later convenience, let £%, = {\;,\i11} and L%, =
{Aj;Aj+1} denote the set of quantization thresholds corre-
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Fig. 1. Intensity of the elements in the channel matrices, where the MIMO

configuration was set to (N, M, P) = (128,16, 4), and the other parameters

are the same as in the numerical studies in Section IV.

sponding to the in-phase and quadrature components of y,x,
. A .

respectively, where we define L,x = U, cc £,

C. Appropriate Signal Domain for CE and DD

Before moving on to the proposed method, this subsection
describes an appropriate signal domain for CE and DD based
on the signal model without quantization in (5).

1) Domain conversion for CE: In mmWave wireless com-
munications, only a small number of paths reach the receiver,
so the MIMO channel observed by a BS with large arrays has
sparsity in the angular domain [2]. Hence, using the discrete
Fourier transform (DFT) basis for FDBF at the receiver makes
it possible to express the beam-domain channel sparsely [47],
[48]. Denoting the IN-point DFT matrix by D, the BD-domain
RX matrix is expressed as

U
Y52 = DUy = 3" h, [s.)" + WHP,

u=1

where h, 2 D%a, and WBP £ DHW denote the
equivalent CIR vector and noise matrix in the BD domain,
respectively.

Fig. 1 compares the intensity of the elements in
the AD-domain and BD-domain channel matrices, where
A 2 Jay,...,ay,...,ay] € CV*U and H =
[P1,... Ry, ... hy] € CVXU As shown in Fig. 1(a), the
AD-domain channel has a dense structure, and there is no
significant difference in the strength among the elements. In
contrast, the BD-domain channel shown in Fig. 1(b) has a
sparse-like structure in which only a small number of elements
corresponding to the arrival paths have large values. Hence,
accurately estimating only the dominant channel coefficients is
sufficient. By formulating CE as a sparse reconstruction prob-
lem, the variable space can be efficiently reduced, enabling
high-precision CE with shorter pilots [49]-[51].

(10)

2) Domain conversion for DD: In OFDM transmission, the
orthogonality between subcarriers is guaranteed by inserting a
proper CP. The received signal is converted to the frequency
domain, and then DD is performed for each subcarrier. From
(3), the AF-domain RX matrix is expressed as

U
YA =Y F =) aulsu] F+WF
u=1
AT, AF AF AF Nx K.
- [yl,t a"'vykc,tv"'ach,t} eC ) (11)
with
M
AF AF
Yih = D ChomTmt + Wy, (12)
m=1
a T Nx1 :
where ¢i,m = [Cheimy -« - s Chionmy - - - s Cho,Nm] € CYV*1 s

the AF-domain channel vector at the k.-th subcarrier, the n-th
element of which can be expressed as

Ckenm = V Kc Z fkc,v(u)anua (13)
UEU,
with v(i) £ (i — 1 mod P) + 1, f;; = [F];;, and

\fiilP =1/K.. wj'7, denotes the AF-domain AWGN vector.
From (12), the received signal Y; can be separated into K.
AF-domain vectors y,éﬁ, Vk., via FFT, so subsequent DD can
be performed for each subcarrier.

3) Problem statements and motivation: As described above,
it is appropriate to perform CE and DD within different signal
domains, and furthermore, the domain conversion process
in (10) and (11) cannot be directly applied to the signal
after quantization by the low-resolution ADC in (8). In the
following section, we will provide a framework that enables
domain conversion even in the presence of quantization errors,
and propose a cross-domain JCDE algorithm that can perform
each signal processing within the designated signal space.

III. CrROSS-DOMAIN JCDE ALGORITHM BASED ON
EXPECTATION PROPAGATION

In this section, we describe a novel cross-domain JCDE
algorithm based on the EP framework for GLM, which detects
the intended data symbols x,,k,V(n,k € Kq), and estimates
the channel coefficients ay,,,V(n,u), out of the quantized
outputs r,, V(n, k), quantization thresholds £, V(n, k), and
the pilot symbols .k, V(n, k € Kp,), based on (8).

A. Overview of Cross-Domain JCDE Algorithm

The proposed algorithm is derived by approximating the
classical sum-product algorithm (SPA) according to the EP
framework [43]-[46] and then introducing a domain conver-
sion mechanism. In SPA, unknown variables are estimated
by iteratively exchanging messages (probability information
reflecting the estimation accuracy of unknown variables) be-
tween the factor nodes (FNs) corresponding to the observation
signal (i.e., quantized outputs) and the variable nodes (VNs)
corresponding to the unknown variables (i.e., channel coeffi-
cients and data symbols).

Fig. 2(a) shows the tripartite FG of the proposed cross-
domain JCDE algorithm, where the square marks indicate FNs,
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(a) Illustration of the tripartite FG designed for the proposed cross-domain
JCDE algorithm, with N =4, M =2, U =4, Kc =2,and T = 2.

AF-domain AD-domain BD-domain
Equation (16¢): Equation (16b): Equation (14b): Equation (14c):
~ - - N . N
{Awcms @)} B Gu) ) { Ak a0} {Aucon (o)}
ek, kek, n=1 n=1
VNs for Domain i FNs for Domain conversion VNs for
data between AD and AF quantized between AD and BD channel
symbols = = —p| domains = = output = = = domains le= — = coefficients
Equation (17b): Equation (17¢): Equation (15¢): Equation (15b):
- R . N R N
{Aukwnk (-SWA)}LGK’ {Auk‘e—ml» («"Unk)}’ve)(' {AMHW (hnu)}“:l {AmHm ((lm.)}n:l
+——: Messages from FNs to VNs =~ €= =: Messages from VNs to FNs

(b) Illustration of the message-passing flow between FNs and VNs.

Fig. 2. Schematic illustration of the proposed cross-domain JCDE algorithm.

the circle marks indicate VNs, and the diamond marks indicate
domain conversion within the message space, respectively.
The SPA based on this FG can be expressed as follows,
including the projection operation of the message distribution
onto the Gaussian distribution, which is performed under the
assumption of subsequent application of the GLM-based EP
framework.

Messages from FNs to VNs for CE:

Z k (anu) = / / prnk\znk (rnk|znk)
{ani}U {suk}gzl

U . i U A
H Ank(—ni (anz) H Ank:(—uk: (suk> )

(14a)
iFu u=1
nk—nu \Gnu) = = R
- Ank:(—nu (anu)
Ank—)nu (hnu) = PrOjA*)B |:A~nk—>nu (anu)] 5 (140)
Messages from VNs to FNs for CE:

K
Anu (hnu) — Ph,a. H nk—>nu nu) ) (15&)

k=1

. _ Projg [Anu (h
Ank—)nu (hnu)

Ankenu (anu) = PrOjAeB [Ankenu (hnu) (ISC)

5
Messages from FNs to VNs for DD:
A k (Smk) :/ / prnk\znk (Tnk|znk:)
{ani} {{5uk}u€b( }L¢m
U

u=1 i#mueld;
nk—> mk (Smk)

Projg [A (8mk) Hueu Ankeuk (suk):|
= — , (16b)
Hueum Apkeuk (Suk)

Apk—smk (Tmk) = Projp_,p [Ankﬁmk (Smkﬂ , (16¢)
Messages from VNs to FNs for DD:
N ~
Amk (xmk) = Pxmr (xmk) H Ankﬁmk} (xmk) 5 (178.)
n=1
A Proja [Amk (m
A () = D2 [Ami (@me)] (17b)

Ank—)mk} (xmk)
Ank(—uk (Suk) =
PrOjD<—F [AAnlﬂ—mk’ (xmk)] ,V(UJC) S I;ak' (17¢)

To clarify the relationship between the tripartite FG shown in
Fig. 2(a) and the above SPA algorithm, Fig. 2(b) presents a
schematic illustration of the message-passing flow, explicitly
depicting the messages exchanged between the nodes in the
FG. As you can see, since the MPAs for CE and DD are
symmetrical, we will first describe the CE in (14) and (15) in
detail and then describe the DD in (16) and (17) by focusing
only on the points that differ from the CE case.

First, in (14a), we compute the likelihood information for
the AD-domain channel coefficient a,,, by using the message
propagated from VNs as prior information and marginalizing
over all variables other than a,,, from z,j, = 25:1 AnuSuk-
Next, in (14b), the message distribution obtained in (14a)
is projected onto a Gaussian distribution based on the EP
framework, and extrinsic information A,y (anq) that ex-
cludes the self-feedback component through MM is generated,
where q(a) = Projg[p(a)] is an operator that projects
the input arbitrary distribution p(a) onto Gaussian distribu-
tion ¢ (a) such that the Kullback-Leibler divergence (KLD)
Dxr, (p(a) ||¢ (a)) between p (a) and g (a) is minimized, i.e.,

q(a)= arg(m)in Dx1, (p(a) ¢ (a)). (18)
q'(a
This projection of the posterior distribution onto a Gaussian
distribution serves as the central approximation in the deriva-
tion of a practical algorithm within the EP framework [42]-
[44]. Tt has been shown that the Gaussian distribution that
minimizes the KLD from the true posterior, i.e., the solution
to (18), can be obtained through MM. The following (14c)
is a domain conversion process within the message space,
where p (h) = Proj,_,g [p(a)] is an operator that projects
the distribution of the AD-domain channel coefficients a
onto the distribution of the corresponding BD-domain channel
coefficients h via DFT. As we will describe in more detail
later, since the message has already been projected onto a
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Gaussian distribution in (14b), this operation is a simple DFT
on the message. Now that the FN processing is complete, let
us move on to the VN processing. First, in (15a), the posterior
information of h,, is computed by combining the messages
propagated from FNs. Next, in (15b), the extrinsic information
Ak (hnw) is computed in the same way as in (14b), and
then in (15c), the domain conversion (i.e., reverse operation of
(14c)) is performed within the message space again. Finally,
the message obtained in (15¢) is fed back to the FNs.

Next, focusing on the DD in (16) and (17), they are basically
the same as the CE, but the difference is that they include a
joint operation over u € U,,, in (16a) and (16b). This is because
the DD-domain data symbol s, contains P overlapping s,
due to the cyclic shift operation, where we define the set of P
two-dimensional (2D) indices (u, k) corresponding to $,,i as
Z3 . (|25, = P). There is no difference in the VN processing,
where p (z) = Projp_r[p(s)] in (16¢) is an operator that
projects the distribution of the delay-domain symbol s onto
the distribution of the frequency-domain symbol z.

In the following subsections, we derive the EP-based MPA
in a closed form that avoids the multiple integrals in (14a) and
(16a) by sequentially approximating the messages from (14)
to (17) using the scalar Gaussian approximation (SGA) [52]
in conformity to the central limit theorem (CLT).

For later convenience, let us define the soft estimates of the
AD-domain channel coefficients a,, and TX symbols s, as

dk:,nu = Ea"u |:anu | AAnk(—nu (anu>i| ;Vk7 (]93-)

§n,uk: é Es“,k {Suk | Ankeuk (suk)j| 7vn7 (19b)

respectively, such that their mean square errors (MSEs) can
be respectively expressed as

P 2 Vo [nu | Anteu (ana)] ¥k,

Ai,uk £ Vsuk |:Suk | Ankeuk (suk):| ,V’I’L.

(20a)

(20b)

B. Derivation of EP-based MPA for CE via SGA

1) Messages from FNs to VNs in (14): The derivation
consists of the following three steps: a) Approximate the mes-
sage in (14a) with a Gaussian distribution based on SGA. b)
Reconstruct the message in (14b) with a Gaussian distribution
through MM. c¢) Replace the domain conversion operation
from AD-domain to BD-domain in (14c) with DFT for the
message.

Consider the estimation of an arbitrary a,,,. For the large-
system regime (U > 1) [53], the PDF of z,; approaches a
complex scalar Gaussian distribution in conformity to CLT.
The conditional PDF of z,, given a,,, can be expressed as

~ 2
Znk — Pu,nk
pznk\a"u (an|aun) X exp [_W‘| ) (21)
u,nk
where
ﬁu,nk

== Eznk |:an ‘ anuy{Ankeni (ani)}il;ua{Ankeuk (suk)}gzl]

~ ~ a ~
= QnuSn,uk +pu,nk: = gk,nu + Pu,nk, (223-)
£p

u,nk

=V [an |anu7{AAnk’<—m’ (ani)};ua{ﬁnkv(—uk (Suk)}g:1:|

9 A ~ A -

= |a‘nu| w;,uk} + Eg,nk ~ ng’i,uk + gz,nlw (22b)

with

Qg,nu = a71u=§n,uk7 (23&)
U

p~u,nk £ ng,nia gk,nu £ dk,nu§7z,uk7 (23b)
iFu
U

- . 9 A N R 9 N

5,% £ Z {|ak,m| Yy ik + Uk (\Sn,ik| + w;,ik)}' (23¢)
iFu

In (22b), the instantaneous channel gain |a,,,|? is not avail-
able; hence, by approximately replacing these with long-
term statistics, i.e., the variance Ea,, [|an.]?] = €2 [36].
Accordingly, in (14a), the likelihood information for a,,, is
estimated by computing the marginalization based on the
messages propagated from VNs on the basis of the predictive
distribution rule: p,j»(alb) = [ paic(alc)-pep(c|b). From (21),
the message of (14a) can be approximated by [35], [54]

Apg (anu) ~ / Proklznk (Tnk"znk)

Znk

X CN (203 98 + Bt &) - (24)

Next, Apkenu (anu) =CN (ggmu;gkmuawgynu) is com-

puted through MM, where zﬁznu 2 18, ]’ ignu [43], [44].
From (24), the posterior probability information within the
projection function in (14b) can be expressed as

Ank (anu) Ank<—nu (anu) = / prnk|zn;C (Tnk:‘znk:) (25)

Znk

X CN(an; gz,nu + ﬁu,nk» gimk) CN(gz’nu; gk,nu; ?ﬁi,nu) )

= CN(me,u;an _ﬁu,nkézvnk)c-/\[(gz,nu;gk,nuvdim,u)
which can be rewritten using the Gaussian-PDF
multiplication ~ rule:  CN (z;a,b) CN (z; A, B) =

CN (:c; afjé“b, bi—%) CN (0;a — A,b+ B), as follows:

an (an,u) Apkenu (anu) = / Prok|znk (Tnk'|znk)

x CN (an;fnkagi,nk) CN E;%,nu;gk:,nu7€i,nu) , (26)

with

U
Znk £ ﬁuﬂnk + gk:,nu = Z gk:,nua (273-)
u=1
gi,nk £ ég,nk + Q;Z,nw (27b)
= Znk — ~u n g nu
?k nu £ EZ nu ( kAp Pu,nk + gAk) ) ) (270)
) , wg
u,nk k,nu
1 A
—g N
Skonu = <Ap + o ) : (27d)
u,nk k,nu
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From (26), using Pearl’s normalization constant, the posterior
probability of z,; can be expressed as

_ =z
Proklznk (Tnk|znk') CN (an; Znk; gu,nk‘)

Lot Proslens (rakl ) N (20 Znis G
(28)

pan (an) =

)

which is used to rewrite (26) as follows:

Ank: (anu) Ank:(—nu (anu)

5 [ b o) O (s Eh) - 29)
Znk

£ pgzynu (gg,nu)

Following [43], [44], the distribution after projection is
given by a Gaussian distribution whose parameters are the
conditional expectation and variance calculated from the pos-
terior probability information before projection, i.e.,

CN(QE,M; Ik nu> gz,nu) = Projq [an (anu) Anl«—nu (anu)(J )
(30)

where
a a
gk,nupgzmu (gk,nu)

La _
gk,nu - /
a
Ik,nu

_ Pl Gusni —Zu,nk) + fi,nk-@k’”u’ Gla)

gu,nk

€8 e = |

’gg,nulngzmu (gg,nu> - gg,nu

9kt nu

79 g £ P FF
o wk‘,nu wk,nu Ztnk +£u,nk£u,nk
- =z =z )

fu,nk

(31b)
gu,nk

with
Zu,nk = /
Znk

Vi,nk = / |an|2pznk (an) - |Zu,nk|2 .

Znk

ZnkPz, (znk) 5 (32a)

(32b)

Substituting Ay nu (@ny) = CN (g;‘i,nu; Gk nus @imu)
and (30) into (14b), Apk_sna (any) can be expressed as
i CN (8 5 T €

Ank—)nu (anu) -

CN (g]%_’nu; gk,nuv ’(/}Z,nu)

o CN (9 i G )+ 33)
and we have .
~ 1 1
fz,nu = ("g - 79 >
u,nk wk’nu
EZ
nk e N
= = — » gu,nk - ¢i,nua (343-)
gu,nk — Su,nk
: Ik gk
gg,nu = fl?:,nu ( Vg’nu - Agﬂ“)
u,nk Q/Jk,nu
Ez
nk . —_ ~
= # (Zu,nk - an) + 9k, nu- (34b)
fu,nk — Su,nk

Based on the quantization operation in Section II-B, from
(9) and (28), (32b) can be expressed as [29]

=z —z 2
. N, .
= ek (S wak 39)
gumk + No gu,nk + Ny
with
gZ,n}’c = VYnk- [yﬂk | Znk, Su,nk + No; Lnk] . (36)

From (35), the following relationship holds:

. 1 — .
( fu,nk > _ gu,nk <1 _ Z,nk
=z % = =z =z
gu,nk - ;,nk: gu,nk + No gu,nk + N

, 37)
0
and therefore (34a) can be rewritten as
gz,nk

-1
€t = (1 - £+N> (E;,,Lk + No) )
u,nk 0

Similar to (35), (32a) can be obtained from [29]

— =z -
NOZTLk + fu,nky’lh”k
—z
gu,nk + No

; (39)

Zu,nk =
with
Juk = By [ | 2k Eoe + Nos L], (40)
and from (37) and (39), (34b) can be rewritten as

“y .
~a _ u,n
gk:mu =|1-=

—1
(gu,nk — Znk) + gkmw (41)
gi,nk + NO) )

Finally, under SGA of the message, the domain conversion
in (14c) is replaced with a simple DFT. From (33), g ,,,, can
be modeled as the AWGN channel of gg,nu (= anudn,uk)s i-e.,

(42)

~a o ~ a
Jk,nu = AnuSn,uk + Wik nus

where wi ,, follows CN (wg7nu;0,£,‘§7nu). By applying
FDBF to gy ,,,Vn, (42) can be approximated by a linear
model for the BD-domain channel coefficient h,,,, as

N N N
~h _ *  ~a ~ * . * a
gk,nu - E :dn,igk,iu ~ Suk E dn,ia’ﬂl + § dn,iwk:ju
i=1 i=1 =1

where wj ., £ S, di wf i, diy 2 [Dlig, and |dil* =
1/N. 3, is the posterior estimate of s, as described later.
Assuming that the effective Gaussian noise in g ,,.,,, V7, is not
correlated with each other, from the reproductive property of
a Gaussian distribution, the conditional PDF of gg)m, given

hpnuSuk, can be expressed as
péﬁ,nu“‘"u (gl}cl,nu|hnu) = CN (hnuéuk7§£,nu7£]}g,nu) ) (44)
with
~ 2 1 N ~
glg,nu = E{Wi,m,Vn} le}:,nu’ } = N Zgg,iuv Vn. (45)
i=1

Clearly, (44) is the message for the BD-domain channel
coefficient h,, after domain conversion, and is propagated
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to the VNs as Ay (Fny)-

2) Messages from VNs to FNs in (15): First, the joint
likelihood information for A, is generated by combining the
messages propagated from the FNs. From (15a) and (44),
Ay (hpy) can be expressed as

K
Anu (hnu) = Phpu (hnu) H Ank}%nu (hnu>
k=1
X Phyy (P CN (B firps ) 5 (46)
where
K ~h ok
gu,nksuk ‘suk ‘
o=t S g - ()
k=1 u,nk unk

Assuming that the effective Gaussian noise in p”,,¥(n,u),
is not correlated with each other, using Bayes’ rule, the
posterior estimate and its MSE can be in general obtained
from the symbol-wise conditional expectation as [36]

nu (hnu)

nu hnu 5 48
/ﬂu h’ TLM (h’;tu) ( a)
M Anu hnu i 2
hnu R ”“

Similarly to (30), the posterior distribution of h,,, is given by a
Gaussian distribution based on (48) through MM. Substituting
the projected distribution and (44) to (15b) yields

CN (B P 91,
CN (hnuguk;gk,nu7§k,nu)

Anl«—nu (hnu) =

X CN (hnua iLkﬂ’Lu) '(Z}]}glmu) ) (49)
and we have )
S L Sl (50a)
k.nu — ZLﬁu h . s a
7 hnu 93 nk‘§2k
I = U — Swek ) (50b)
"ﬂ u,nk

Finally, similarly to (43), the domain conversion in (15c) is
replaced with a simple inverse DFT. From (49) and (50), the
message propagated to the FNs can be expressed as

= CN (anu; &k:,nU7 %(i,nu) )

Ank(—nu (anu) (51)

with

N
&k,nu = Eanu [anu |{iLk,nuu ’(/A)]}gb,nuu Vn}} = Z di,nilkrﬂ’uu (523)
=1

N
~ ~ ~ 1 ~
wg,nu :Vanu |:anu |{hk7"“7 wz,mu vn}} = N E :¢Zzu (52b)
i=1

3) Design of Channel Sparsity-Aware Prior: In order to
exploit the sparsity of the BD-domain mmWave MIMO chan-
nel shown in Fig. 1(b) of Section II-C, it is essential in (46)
to choose an appropriate prior distribution py,, () that
reflects the statistical property. In this paper, we employ a
Laplace distribution as the prior distribution that can capture

sparsity [55]. Since the Laplace distribution only supports real
values, the prior distribution can be expressed as

N
= H Phyu (hnw 61(;-))7
n=1

where py: (hz

P, (B 65”) (53a)

nws u ) Vi € C denotes the Laplace distribu-
tion, which is expressed as

1 hi
2fu Bu
where ﬂff) denotes the scale parameter at the 7-th itera-
tion step, which is updated at each iteration step using the
expectation-maximization (EM) algorithm [55]-[57].

Next, let us rewrite (48) in a closed form based on (53).
Assuming independence of the real and imaginary parts,
Apy (hpy) in (46) can be rewritten as

(hSu) )

(55)
with
Anu (hi“‘) =Pni, (hz;uu ﬂ’L(LT))N (h:'uu ,ufzuv wrbw> ,Viel,
(56)
where px, £ %{um}, JTR— C\‘;{MM} and PR — g3 —
h /2, respectively.

From (54) and (56), the posterior estimate and its MSE can
be obtained in a closed form by (48), as [55]

ilnu = Ehnu [hnu | /-LZua ¢Zu7 Bz(;):|

- Cl (/j/nqu,(/)nua B(T )+.] Cl (Mnua wnuaﬁ(T)) ) (573.)
hu = thu |: nu ‘ Mnu’wnu76(7—)i|
_el(ﬂnu’¢nu75(‘r))+el<ﬂnuvwnuv u ) ’h”u’ , (57b)
where
a7 Ty
Cl (/“vavﬂ) - 7]+ +77_ ) (583)
RGN B R CaE
€1 (/iﬂ/%ﬂ) = 17+ T
28712 N (05, 0)
T , (58b)
with
+a b ¥ A kY
« =3 2ﬁ2,a R Yo (59a)
v, Y ey 59b
Y e Ik Y p+ A (59b)

Vo 0]
(59¢)
Finally, we derive the update rule for B&T) via EM algorithm.

The EM algorithm allows updating Bff) for every iteration
step so as to maximize likelihood function pgyg, (R\ﬂq(f)),
which is achieved by alternating between an E-step, which
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Algorithm 1 - Proposed Cross-Domain JCDE Algorithm

Algorithm 2 - Channel Estimation Mechanism: V(n u)

Il’lpllt: R, {xmlmv(mak S ’Cp)}, &1), {Tl,maX77—2,max}
Output: {ayy, V(n, w)}, {Zmk, V(m, k € Kq)}

/¥ 7 [Initialization for Pilot Part — */
1: V(k € Kp,n,u,7) : SEL Lk = suk, w; (uTk) =0
2 V(k € Kp,n,u): a,(clzm =0, wk =¢°/P

/¥ 7 Phase . CE Phase — */

3: for 7 =1 to 71 max do
4: Yk € K, : Executing Algorithm 2
5: end for
/* 7 Initialization for Data Part Y
6: V(k € Ka,myu): 300, =0, v20) =
7. V(k € Kq,n,u) : a,(clnu = Gnu, wk fw = wnu
/¥ 7 Phase II: JCDE Phase — */
8: for 7 =1 to T max do
9: Vk € K : Executing Algorithm 2
10: Vk € Kgq : Executing Algorithm 3

11: end for
// Termination and then output estimates

updates the posterior information for h,, to minimize the
KLD between the likelihood function and its lower bound,
and an M-step, which estimates the distribution parameters that
maximize the lower bound [56]. Since the posterior estimates
can be computed in (56), only the M-step solving the following
maximization problem needs to be considered: [57]

B+ = argmax
Bu

] =

Eny, |09, (i B) [t ¥ 8], (60)

n=1

£7(Bu)

where (3, is the true distribution parameter. The update rule
can be obtained by solving for %J(ﬂu) =0, as

B+ = NZ [0 (2 0, B7) 4 (35, B) ),

(61)
with
ntyt+nTyT +2 49 N(Ouw).

62
nt 40" ©

v (1,9, B) =

C. Derivation of EP-based MPA for DD via SGA

The above discussion on CE can be directly applied to the
detection of an arbitrary x,,, k € Kq. Based on (16) and (17),
the derivation of MPA for DD can be performed in a manner
similar to the CE described in Section III-B, such that further
details are omitted and offered only in a summarized form in
the pseudo-code (Algorithm 3) shown later.

D. Algorithm Description

For the sake of completeness, the pseudo-code of the
proposed algorithm is given in Algorithms 1-3. Algorithm

Input: R, {a}),. ")} 43 dni) ) (557}, 817
Output: {%T:J)» k’ifuﬂ)} {a (TH)} 5(T+1
/¥ 7 FN: AD-domain DQ — */

Lz =Y w?iuéffik

2 52157) = 25:1 {’ knu| ¢n uk:

i (S + D))

TR

4 ?97(1713 Ey,, [ynk | znk’ n}cT)§£nk

s & =V, [ynk 120,87 Lnk}

o 35 =il 2

P = (150 o e

v - (1-8n) a0 -

~h, (T w ~a,(T ~h,(T
9: gu,ka) = Zz 1 dn i9u Ek)7 u nk) - N Zz 1 é-u zk
[ VN BD-domain CE — %/

h, 5 h,(t—1
t0: ) = g+ (L= v
) (20
h7 Ju,nk \Suk h 1
1 %c,f;)=n t:h((l)) + (1 =n) -7 ,(; )
n 1

h,(T (T K h,(T
13: ,U/nu():/(/)nu()zk 17 k()

4: AT =E, (™)

[ nu | H7LUT)7’(/JI'LU/T)’ u }
15: @ZL(T) =Vh,. [ | ™)l ;BJ)}
—1

L () 1 hy(7)
16: k,nu — “’h(‘r) - Vk nu
@) _ ah() (R h()
17: hk,nu - Yk,nu “ﬁ;u(‘r) - fyk,nu
L (T+1 N 7
18 dg ) = P mnh(T)

Th,(T)

k,iu

CoA(T+1) N (‘r ra,(t+1)
19: ak:,nu - Zz d kzu’ ¢k nw - N ZL 1

20: Vu : Update Bu ") y using EM algorithm.

1 shows the overall picture of the proposed cross-domain
JCDE algorithm, where Algorithm 2 shows the CE mechanism
presented in Section III-B and Algorithm 3 shows the DD
mechanism presented in Section III-C.

As can be seen in Algorithm 1, the proposed algorithm has
two phases. In Phase I, only the CE process in Algorithm
2 is iteratively executed using the knowledge of the quan-
tized observations ryx,V(n,k € KCp) and the pilot symbols
Suk,V(u,k € Kp). This is because when JCDE is run from
the beginning, the initial CE accuracy is poor and hence the
iterative convergence behavior becomes unstable. After the CE
accuracy is improved in Phase I, JCDE is executed in Phase
II by alternating between Algorithms 2 and 3. The accuracy
of the CE and DD can be further improved by exploiting the
data symbol estimates as the equivalent soft pilots.

A well-known belief damping [39] is introduced in lines 10
and 11 of Algorithm 2 and lines 11 and 12 of Algorithm 3,
summarized as follows. Let a quantity z be calculated by a
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Algorithm 3 - Data Detection Mechanism: V(n,m)

Input: R, {37, zuk} {ag 0 by, {al™y
Output: {3750, 0500y, (55

/¥ = FN: AD-domain DQ —— */
e = AT,
2 €00 = a1

+ 0 (
3 7/fl’k(T) =E =7 L Ny

4: glq(‘z;g) = Eynk |:ynk | 215;)7

N 2 T
Sn,uk: + ¢n7(uk)) }

—r
Y, (7).
nk £nk

5: gly P y'n,k |:ynk: | 7/57,7;ca Z’]C(T), [fnk:I
TR 15

=5,(7) v oON 5 (T41) o(7)
7 gm :—Lk‘ ( - E/yk(ﬂ') ,n7;c + ZuEZ/I ak nu Sn uk

(7'+1)| 1/18 (7)

k,nu n,uk

—1
Fs(r) _ VN My ()
8: E'rn,n}’c - < - E’yxk(‘f) 5 nk Zueum
~x,(T) __

s,(7) gz, (t) _
m,nk — ZZEIQ f"i(k) )gm ni? Sm, nk - N ZiEIC, m nz

+1
10: anm) \% Zueum f“(k’ ),v(u) agl“

e VN2AF -domain DD — ¥/
e B ) o, (r—1)
11: Vn,mk - §T (7') ( - 77) ’ Vn,mk,
(r+1)\* . (7)

nm ) Im,n (=1

= 7( - 5,)@’1 S (L) vy
mE
) N )

3y = (zn )
14: M’:’IEC - 517 Zn 17 n’gk
B I B T

16: 1&:;1’](;)

z,(7) 1'7(7)}
(1) @)
17: wn:mk = (,J)T/ll(eﬂ') - Vn7771k>

= Vi {mmk | Hmk » Vmk

8 800 = 0 (2 7o

19: ( (u,k) € T3,) 50 = Dierc, Lty min® .
20: V(n, (u, k) €L, : 35:2_1@1) =D ik, fﬁ( ),k (k)T A'SLT:V;)
2 W, (. k) € T) 050 = 2 e, b

function f.. Then the 7-th damped value of z, here denoted
2(7), is computed as the weighted average of z("=1) and f.,
with weights set by the damping factor n € [0,1], i.e

Z:fz Z(T)anz+(1—77)2(7_1)~

In lines 4 and 5 of Algorithms 2 and 3, the conditional
expectation of y, and its MSE can be computed by using the
truncated Gaussian distribution. Since the truncated Gaussian
distribution only supports real values, in a similar manner to
(57), they can be expressed as [20], [21]

damping
e

(63)

an = ]Eynk |:ynk ‘ znlmgi/zk; Enkj|
= CQ ( Zpkr T nka/\u)\z-H) +J- <2 ( ?zk-vagkv /\17/\j+1) ;(64a)
fnk =Vy., [ynk | anafnm Enk}

10
= €2 (20, Tois Nis A1) €2 (B Tooes A Aj1) 5 (64b)
where 7, = \/€.,/2,Vi € C, and

CQ (N’a o,a, b) =p+ UM7 (65a)
€2 (,U, g, a, b)
ag(a) — B9(8) _ (¢(a) —9(8) )2 65b
"8G —a@) @) () | @Y
with
a=2"F g=2"H (66)
g

In lines 7 and 8 of Algonthms 2 and 3, a lower limit is
introduced to reduce the numerical instability from calculating
the expectation value of the truncated Gaussian distribution as
follows: max (1 —&v e 10_2)

In lines 15 and 16 of Algorithm 3, the conditional expecta-
tion of the data symbol x,,, given p7 , and 1) ., and its MSE
are computed. When using quadrature amplitude modulation
(QAM) signaling (i.e., py,,, (x;) = 1/J, Vx; € &), the soft
estimate &,,; and its MSE 1/37””% can be expressed as

Emk = By [Tk | Binter Yiake)
SDIRUE CN( c>/<\J/ v &mk”ﬁmk}p i (67a)
X EX X;EX J’Mmk’ mk
fnk: = Vs [Tk | s Y]
_ Z | J| CN (Xjs5 Hae> Vo) o |i"mk|2.(67b)

X EX x ex CN (X9‘5/‘fr:,k7¢fnk)

In lines 9, 10, 19, and 20 of Algorithm 3, we define the index
k(i) = (i —1 mod K.) + 1.

IV. PERFORMANCE ASSESSMENT

Numerical studies were conducted to demonstrate the per-
formance of the proposed JCDE algorithm for uplink multi-
user MIMO-OFDM systems with low-resolution ADCs. The
MIMO configuration was set to (N, M) = (128,16). The
OFDM format was set to (K., T) = (64,6). The resource
index sets assigned to the pilot symbol and data symbol
were set to 7, = {1} and 7Tq = {2,3,--,6}, respectively.
The Gray-coded 4- and 16QAM were employed for symbol
mapping. The random pilots @, = /Es exp [jrvm,,] were
used, where v,,; is chosen uniformly at random from the
range [—1,1]. In addition, the optimal quantization labels are
determined via the Lloyd-Max algorithm [58].

The well-known clustered mmWave channel model with
L clusters, each having Cj rays with [ € {1,2,--- L} is
considered [14], [31], [55]. The corresponding channel vector
can then be expressed as

D,Mm \/Z o \/@ i l,e,m l,eem ) s

where p; ,,, is the delay corresponding to the [-th cluster of
the m-th UE, and (;c,m ~ CN({j,e,m;0,&f,,) is the complex
path gain along the (I, ¢)-th ray of the m-th UE. Assuming that
the receiver is equipped with a uniform linear array (ULA) in
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Fig. 3. BER performance of uncoded MIMO-OFDM systems, where (N, M, P, K, K4) = (128,16, 4, 64, 320).

which the antenna elements are arranged at half-wavelength
intervals, the array response vector in (68) is given by

« (Fl,c,m) £ [17 exp [jﬂ—rl,c,m} yee ey €XP L]ﬂ- (N - ]-) n,c,m]]Ta
(69)
where 1] cm £ sin 01,c,m With 6. ,, denoting the angle of
arrival (AoA) corresponding to the (I, c)-th ray of the m-th
UE. The mmWave wireless communication channel consists
of L = 4 clusters with C; = 15 rays-per-cluster. A sector
antenna of 120 degrees opening was considered, and the UE
devices are randomly dropped in the above angular region
around the receiver. The maximum number of delay taps was
set to P = 4, and all delay paths shall fall within the CP
length. The realization of p;,, was randomly selected from
{1,2,---, P} and &, = £/ L. The initial value ,8751) was set
to 1/£2/(4P) so that the variance of the Laplace distribution
coincides with £%/(2P). The damping factor 7 was set to 1.0
at 7 = 1 and 0.5 otherwise, and the maximum number of
iterations was set constant to (71 max, 72,max) = (16, 16).

A. BER Performance in Uncoded Case

Our first set of results is given in Fig. 3, where the BER
performance as a function of the signal-to-noise ratio (SNR)
of the MIMO-OFDM systems are compared:

e BMMSE: SotA linear receiver based on BMMSE [16],
where CE and DD are performed separately in the AD
and AF domains, respectively. This method cannot fully
exploit the channel sparsity.

e MPDQ (AD-domain CE): MPDQ receiver based on
a SotA Bayesian inference algorithm under nonlinear
observations [44], where CE is performed in the AD

domain. Used as a baseline to evaluate the performance
gain achieved by exploiting channel sparsity in the beam
domain through a cross-domain strategy.

e Cross-domain MPDQ: Proposed MPDQ receiver, where

DD is performed once using Algorithm 3 instead of
Phase 11, after Phase 1. This method serves as a baseline
for assessing the performance gain achieved by the JCDE
mechanism, which exploits detected data symbols as
equivalent soft pilots.

e JCDE (AD-domain CE): JCDE receiver derived by ex-

tending “MPDQ (AD-domain CE),” where CE is per-
formed in the AD domain using a Bernoulli-Gaussian
(BG) prior [27], [39]. The SotA alternatives proposed
in [20] and [21] are expected to achieve performance
comparable to that of this method when applied to
MIMO-OFDM systems. This method considers only the
sparsity in the delay domain and serves as a baseline for
evaluating the performance gain achieved by additionally
exploiting channel sparsity in the beam domain.
Cross-domain JCDE: Proposed JCDE receiver presented
in Algorithms 1-3.

Genie-aided scheme: 1dealized scheme with perfect CSI
at the receiver. It provides an absolute lower bound on
the performance achievable by the proposed method.
Unquantized ref.: Reference performance of the cross-
domain JCDE algorithm under the unquantized signal
model in (5), serving as a baseline for evaluating infor-
mation loss due to low-resolution ADCs. The relative per-
formance against the Genie-aided scheme is determined
by whether CE error or quantization error dominates.
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Fig. 4. BER performances of uncoded MIMO-OFDM systems with Gray-coded 4QAM versus the data symbol length K.
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Fig. 5. NMSE performance of MIMO-OFDM systems, where (N, M, P, Kp,, Kq) = (128,16, 4, 64, 320).

Let us take a look at the methods based on CE that use
only pilots. “BMMSE,” which cannot exploit the channel
sparsity, is unable to sufficiently suppress interference caused
by quantization errors and suffers from a high-level error floor
in all setups. Although “MPDQ (AD-domain CE)” improves
performance by mitigating quantization distortion via the DQ
process and iterative estimation, its accuracy remains limited.
In contrast, “Cross-domain MPDQ,” which corresponds to
Phase I of the proposed method, can significantly improve
estimation performance by exploiting the sparseness of the
BD-domain channel through signal reconstruction via the DQ
process and domain conversion. Next, focusing on the JCDE
methods, we can confirm the effectiveness of using data sym-
bols in CE due to the significant performance improvement. In
addition, the performance difference between “Cross-domain
JCDE” and “JCDE (AD-domain CE)” demonstrates the gain
obtained by performing CE in the BD domain, where the
sparsity of the mmWave wireless channel is maximized. This
highlights the importance of domain conversion, which enables
each process to be performed within the designated signal
space. More specifically, as shown in Fig. 3(a), the proposed
method achieves BER = 10~2 even with b = 1 for 4QAM.
Similarly, as shown in Fig. 3(c), it achieves BER = 10~2 even
with 16QAM for b = 2. Notably, in Figs. 3(b) and 3(d) for
b = 3, the proposed method asymptotically approaches the
Genie-aided reference, with performance degradation within 1
dB at BER = 10~2. Furthermore, comparison with “Unquan-
tized ref.” confirms that, in the given MIMO configuration, the
proposed method with b = 3 can almost compensate for the
information loss caused by low-resolution ADCs.

, |[E-MPDQ (AD-domain CE)
107 f~¥-Cross-domain MPDQ
=-JCDE (AD-domain CE)
—k-Cross-domain JCDE

< Un(.‘luamize(‘l ref.

-6 -4 2 0 2 4 6 8 10 12 14
SNR [dB]

(b) Gray-coded 4QAM, b = 3.

B. Effect of Data Symbol Length on BER Performance

The results in Fig. 3 clearly demonstrate the effectiveness
of JCDE in compensating for the limited resolution of ADCs
by exploiting detected data symbols as additional pilots. To
further investigate the performance improvement enabled by
the JCDE mechanism, Fig. 4 presents the BER as a function
of the data length K4 used in JCDE. The SNR was set to 10
dB and 5 dB, and the number of quantization bits was set to
b =1 and b = 3, respectively. The Gray-coded 4QAM was
used, and the other simulation parameters were the same as
those used in Fig. 3.

The results clearly show that increasing K4 significantly re-
duces the BER and brings the performance closer to that of the
Genie-aided scheme. Another key observation in JCDE is that
the performance gap between the blue curve (i.e., AD-domain
CE) and the red curve (i.e., BD-domain CE) narrows as Ky
increases. This is because the JCDE mechanism increases the
number of observations available for CE, thereby reducing
reliance on channel sparsity-based dimensionality reduction.
Nevertheless, even for large K4, a noticeable performance
gap remains between the two methods. This residual gap is
likely due to the limited accuracy of the initial CE based
solely on pilot symbols, which corresponds to the performance
difference between “MPDQ (AD-domain CE)” and “Cross-
domain MPDQ” shown by the dashed lines.

C. NMSE Performance

Fig. 5 shows the NMSE performance, where the system
parameters are the same as in Figs. 3(a) and 3(c), where the
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Fig. 6. NMSE performances of uncoded MIMO-OFDM systems with Gray-coded 4QAM versus the number of iterations 7.
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Fig. 7. BER performance of uncoded MIMO-OFDM systems with Gray-coded 4QAM versus the number of iterations 7.

NMSE of the estimated AD-domain channel is defined as
NMSE 2 E, {|A7c-A§/|A|§}, (70)

where [A}nu 2 Gy and ¢ 2 4/ |A’i/ A 12r

As expected, the proposed method (red curves), which
performs CE in the designated BD domain via the
cross-domain strategy, significantly improves NMSE perfor-
mance—especially in the low SNR region—compared to the
conventional alternative (blue curves) that performs CE in the
AD domain. These results strongly support the importance of
conducting CE in the BD domain. In the high SNR region
of Fig. 5(a), a slight reversal is observed between “Cross-
domain JCDE” and “JCDE (AD-domain CE),” which appears
inconsistent with the BER results in Fig. 3(a). This discrepancy
arises because amplitude information of the estimated CSI
is lost due to 1-bit quantization [31], [59]. Such differences
between the NMSE and BER performance trends are also
commonly reported in the literature (e.g., [60]).

D. Convergence Analysis of Proposed Algorithms

We now turn to the analysis of the iterative behavior of the
proposed algorithms. Fig. 6 shows the NMSE performance as
a function of the number of iterations 7. In evaluating the
JCDE algorithms, 7| max Was fixed at 16. All other simulation
parameters are identical to those used in Fig. 4. As clearly
observed from the results, BD-domain CE (red curves) not
only achieves significantly better NMSE performance than
AD-domain CE (blue curves) but also converges faster in
terms of iteration count by effectively leveraging the sparsity

of the mmWave MIMO-OFDM channel in the BD domain.
This difference in convergence speed becomes particularly
evident when the JCDE technique is applied. In both system
configurations considered, the cross-domain JCDE scheme
converges within approximately 7 = 6 iterations.

Next, Fig. 7 shows the BER performance obtained from
the same computer simulation, exhibiting a trend similar to
that of the NMSE results. The proposed methods (red curves)
achieve reliable estimation accuracy with fewer iterations
compared to the conventional alternatives (blue curves). Even
in the challenging case of b = 1 shown in Fig. 7(a), where
convergence tends to be slower, both “Cross-domain MPDQ”
and “Cross-domain JCDE” are observed to converge within
approximately 7 = 16 iterations.

E. BER Performance in Coded Case

Fig. 8 shows the BER performance in the channel-coded
systems, where the other system parameters are the same
as those in Figs. 3(a) and 3(c). Using low-density parity-
check (LDPC) code that conforms to the fifth generation (5G)
new radio (NR) specification, the coding rate was set to 1/3
for 4QAM and 2/3 for 16QAM, respectively. The SPA is
employed as the soft decision decoder, and error correction
by the channel decoder is performed only once after DD.

As expected from the results in Fig. 3, “BMMSE” fails to
detect MIMO signals, with BER remaining above 10~2 even
with the aid of error correction. On the other hand, “Cross-
domain MPDQ” can significantly improve performance, but
there is still an error floor. In contrast, the JCDE methods
suppress the error floor and achieve BER = 1075 in both

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Journal of Selected Topics in Signal Processing. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JSTSP.2025.3589107

JOURNAL OF KX CLASS FILES, VOL. , NO. , AUGUST 2020

10 : : :
2 -A-BMMSE
-3-MPDQ (AD-domain CE)
10—1 L \:‘\A\ —t-Cross-domain MPDQ ||
">m. [EJCDE (AD-domain CE)
“|=k-Cross-domain JCDE
&) —Genie-aided scheme A\
107 ¢ -S-Unquantized ref. Il
<3 =S
Eé‘ “~
“H.
10° ¢ RN
Rl
104 F \ = ]
\ TR 3
107 . . . Q . . . .
-10 -8 -6 -4 -2 0 2 4 6 8 10

SNR [dB]
(a) Gray-coded 4QAM, b = 1, coding rate: 1/3.

10 T : T
-A-BMMSE
-3-MPDQ (AD-domain CE)
lO’I —%-Cross-domain MPDQ I\
-5-JCDE (AD-domain CE) i
—#-Cross-domain JCDE
2 —Genie-aided scheme
x 107 ~©-Ungquantized ref. E
= R
107 E
y =
1074 E -
el
105 ‘ ‘ %
-4 -2 0 2 4 6 8 10 12 14 16

SNR [dB]
(b) Gray-coded 16QAM, b = 2, coding rate: 2/3.

Fig. 8. BER performance of coded MIMO-OFDM systems, where (N, M, P, K, Kq) = (128, 16, 4, 64, 320).
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Fig. 9. BER and NMSE performances of uncoded MIMO-OFDM systems with Gray-coded 4QAM, where (M, P, K, Kq) = (16,4, 64, 320).

configurations. The performance gap between the proposed
method and the idealized reference is within 4 dB for b = 1
in Fig. 8(a) and within 2 dB for b = 2 in Fig. 8(b) at BER
= 10~%. Notably, the performance difference between “Cross-
domain JCDE” and “JCDE (AD-domain CE)” is larger than in
the uncoded case shown in Fig. 3. This is because, as observed
in Fig. 5, performing CE in the BD domain, which exhibits
higher sparsity, improves the CE accuracy—particularly in the
low SNR region—and enhances the quality of the likelihood
information fed into the channel decoder.

F. Insights on Optimal Configuration of Systems

To gain insight into the optimal system configuration, we
analyze the BER performance of the proposed method in
response to changes in the number of quantization bits when
the total number of bits transferred to the data interface card
is fixed. Fig. 9 compares the BER and NMSE performances
for systems with (N, b) = (128, 1), (64, 2), and (32, 3), where
the product of the number of RX antennas and the number of
quantization bits is fixed at N x 2 = 256, and the other system
parameters are the same as in Fig. 3(a). The performances
depicted by the dotted curve (N = 32, 64, and 128 in the
legend) are unquantized references when the algorithm is run
based on the pre-quantized signal model in (5).

First, we can see that even with 4QAM, it is quite difficult
to achieve reliable communications with b = 1. Even if there
is sufficient spatial DoF provided by a large number of RX
antennas, as shown in Fig. 9(b), a significant decrease in
CE accuracy is unavoidable with b = 1, where the phase

information is completely lost. This is the cause of the high-
level error floor in the BER performance of Fig. 9(a). What
is interesting here is that the trend changes significantly when
b increases to 2. Since the phase information is now retained
and CE accuracy is greatly improved, the BER floor is also
significantly suppressed. However, when b is increased further
(ie., b = 3), the BER performance degrades due to the
reduction in spatial DoF. This observation reveals a clear trade-
off between spatial DoF and ADC resolution under a fixed
total number of transferred bits. The above results indicate
that, in this system configuration, the number of quantization
bits b should be set to at least 2. Beyond this point, the
performance improvement saturates rapidly, suggesting that
increasing the spatial DoF becomes more critical®.

G. Complexity Analysis

First, we summarize the computational complexity of each
component of the proposed method in Tab. I. Since the DQ
process, CE, and DD in the proposed method consist solely
of scalar-by-scalar operations, their computational complexity
is on the order of O(NUK) per iteration. Assuming that
the PDF and CDF of the standard Gaussian distribution,
ie, ¢(a) and ®(a), are pre-tabulated, the calculation of
the conditional expectation for the Laplace prior in the DQ
process requires O(NU) operations per iteration, which is

2Such trade-offs involving ADC resolution are not limited to spatial DoF;
they also arise with respect to other available observation dimensions, such
as the number of temporal samples obtained through oversampling [61], [62].
Therefore, system design must account for the specific trade-offs associated
with the assumed system configuration.
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TABLE I
COMPUTATIONAL COMPLEXITY
CE (including DQ) O (NUK) per iteration
Expectation calc. (Laplace prior) O (NU) per iteration
Expectation calc. (BG prior) O (NU) per iteration
Domain conversion in CE O (logy (N) NUK) per iteration
DD (including DQ) O (NUK) per iteration
Domain conversion in DD O (log, (K.) NMK) per iteration
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Fig. 10. The number of real-valued multiplication operations as a function of
N (ranging from 32 to 256), with the parameters fixed as M = 16, K, = 64,
Kq =320, P =4, and (Tl,max» T2,max) = (167 16)'

equivalent to the complexity of the expectation calculation
based on the BG prior. The dominant computational cost
of the proposed method arises from the domain conversion
required at each iteration. Specifically, the complexity is on
the order of O (log, (N) NUK) per iteration for CE and
O (log, (K.) NM K) per iteration for DD.

Next, to assess the impact of domain conversion on the
overall computational cost, we compare the total number of
real-valued multiplications required by each algorithm. To
estimate the approximate number of real-valued multiplication
operations, we adopt the basic assumptions presented in [47].

Fig. 10 shows the number of real-valued multiplication
operations as a function of the number of RX antennas N
(from 32 to 256). The other parameters are fixed and identical
to those used in Fig. 3. As shown in the results, JCDE naturally
incurs a higher computational cost than MPDQ), as it iteratively
refines the CE by treating the estimated data symbols as
additional pilots. However, an important observation is that,
for both MPDQ and JCDE, the difference in computational
cost between the blue curves (without domain conversion) and
the red curves (with the proposed cross-domain strategy) re-
mains relatively small. This is because the domain conversion
in the message space does not require any modification to
the received signal model, and the additional computational
overhead is limited to FFT operations. Consequently, the
proposed method can significantly enhance estimation accu-
racy without increasing the overall computational complexity
order. Specifically, at N = 128, “Cross-domain MPDQ”
operates at approximately 1.3 times the computational cost
of “MPDQ (AD-domain CE),” while “Cross-domain JCDE”
requires about twice the cost of “JCDE (AD-domain CE).”
Considering the observed improvements in both BER and
NMSE performance, it can be concluded that the proposed
method achieves an excellent trade-off between computational
complexity and estimation performance.

V. CONCLUSION

In this paper, we designed a novel cross-domain JCDE
algorithm utilizing EP for mmWave MIMO-OFDM systems
with low-resolution ADCs. The proposed method consists of
the AD-domain DQ process, the BD-domain CE, and the AF-
domain DD, and the domain converters within the message
space that interconnect them. This domain conversion frame-
work, which is based on the projection of messages through
MM into Gaussian distributions, enables the execution of
signal processing such as CE and DD within the relevant signal
domain. The numerical results show that our proposed method
significantly outperforms the SotA schemes in various system
parameters and approaches the performance of the idealized
scheme under certain conditions. In addition, a comparative
study of system configurations with a fixed number of bits
transferred to the data interface card provided insight into
optimal system design using low-resolution ADCs.
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