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ABSTRACT This paper proposes a novel framework for extrinsic information transfer (EXIT) chart
analysis to examine the convergence behavior of iterative detection and decoding (IDD) algorithms based
on expectation propagation (EP), specifically addressing the extrinsic value exchange mechanism through
moment matching (MM). An essential element of IDD algorithm design is the mitigation of self-noise
feedback by extrinsic value exchange between the symbol detector and the channel decoder across
iterations. This study seeks to compare the extrinsic value exchange mechanisms of established turbo
equalization and emerging EP-based IDD, both theoretically and numerically, to elucidate their differences.
Turbo equalization utilizes the extrinsic log-likelihood ratio (LLR), whereas EP-based IDD functions in
the symbol domain through MM. Extensive simulations of multiple-input multiple-output (MIMO) signal
detection indicate that EP-based IDD provides superior bit error rate (BER) performance compared to
turbo equalization, especially in demanding scenarios involving higher modulation orders and increased
spatial multiplexing loads. To provide theoretical support for these findings, we extend the classical EXIT
analysis to include symbol-domain operations. The proposed framework analytically demonstrates that
the enhanced detection performance of EP-based IDD arises from the exchange of extrinsic values in the
symbol domain, in contrast to conventional turbo equalization, which functions in the LLR domain.

INDEX TERMS Iterative detection and decoding, expectation propagation, moment matching, EXIT chart,
MU-MIMO-OFDM systems, high-order modulation.

I. INTRODUCTION

N THE fifth-generation (5G) advanced and future sixth-

generation (6G) networks, the number of wireless devices
is expected to increase dramatically due to the advancement
of Internet of Things (IoT) technology [1], [2], [3], [4]. In
addition to the initially envisioned wireless IoT applications
based on low-capacity communications, there is a growing
number of use cases requiring high-capacity data uploads
from individual devices [5], [6], [7]. There is a pressing
need for communication methods that simultaneously satisfy
the heterogeneous requirements of enhanced mobile broad-
band (eMBB) and massive machine-type communications
(mMTC) [8], [9]. One of the key technologies to achieve
this type of communication is large multi-user multiple-input

multiple-output orthogonal frequency-division multiplexing
(MU-MIMO-OFDM) [10], [11], [12], where a base station
(BS) equipped with a large number of antennas simulta-
neously provides high-capacity wireless links to multiple
user equipment (UE) devices by multiplexing signals across
both frequency and spatial domains. In particular, the uplink
should play a crucial role as an information infrastructure
for collecting massive amounts of data from a large number
of UEs [13], [14], [15], [16]. To achieve this, an advanced
multi-user detection (MUD) scheme is essential to accurately
separate the signals multiplexed in each sub-carrier at the
BS receiver [17].

Maximum likelihood detection (MLD) theoretically
achieves optimal detection performance. However, due to

(© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/
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its exponential computational complexity with respect to
the number of spatially multiplexed streams, MLD becomes
impractical for very large MIMO systems [I18]. As a
result, low-complexity MUD techniques have been widely
employed, such as linear minimum mean square error
(LMMSE) filters [19]. These detection methods can achieve
the performance of MLD when the number of receive
(RX) antennas is sufficiently large relative to the num-
ber of transmit (TX) streams. Nevertheless, the detection
performance progressively deteriorates as the number of TX
streams increases in relation to RX antennas [20]. This can
result in significant performance degradations, particularly
when a massive number of devices are simultaneously
connected [21].

IDD has been investigated as a technique capable of
achieving detection performance close to that of MLD
with polynomial computational complexity, even in spatially
densely loaded MIMO settings [22], [23]. By exchanging
extrinsic information between the symbol detector and the
channel decoder at the receiver side, detection accuracy can
be gradually improved, assuming the presence of channel
coding at the transmitter side. The most well-known IDD
algorithm is soft canceller followed by the minimum mean
square error (SC/MMSE) turbo equalization [24], [25], [26].
It iteratively exchanges the LLR between the LMMSE detec-
tor with parallel interference cancellation and the channel
decoder. This furbo principle enables the resulting detector
to achieve near-optimal performance [27], [28]. Specifically,
assuming that the consistency condition [29], [30] of LLRs
is satisfied, extrinsic LLRs fed back to the detector are
generated by subtracting the detector output (decoder input)
LLRs from the decoder output LLRs, thus enabling extrinsic
information transfer without self-noise feedback [31], [32].

Another method of IDD construction that has garnered
interest in recent years is extrinsic information exchange
based on EP [33], [34], [35], [36]. This method generates
symbol replicas (soft estimates) from the posterior LLR
of the decoder output based on the conditional expectation
and then decouples the symbol information of the detec-
tor output through MM to facilitate extrinsic information
exchange [37], [38]. A key difference between these two
IDDs is that the EP-based IDD generates extrinsic values
in the symbol domain by taking into account the discrete
configurations of the constellation points, whereas turbo
equalization directly generates extrinsic values in the LLR
domain. An IDD algorithm construction based on EP was
initially introduced in [37], where numerical results indicated
its superior performance compared to SC/MMSE turbo
equalization. In [37], the EP-based iterative detector is
integrated into IDD as an inner loop structure, primarily
aimed at assessing the impact of advanced iterative detection
on the enhancement of overall IDD performance. To our
knowledge, no previous work sufficiently compares and
validates these two IDD design methodologies with an
emphasis on extrinsic value generation. There has also
been inadequate investigation of the convergence behavior
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of EP-based IDD utilizing extrinsic value generation
through MM.

An EXIT chart is often used to analyze the iterative con-
vergence behavior of IDD [39], [40], [41], [42], [43], [44].
This method characterizes the information exchange between
two modules, specifically the detector and decoder, as a
transfer of mutual information (MI) [39]. This facilitates
a quantitative and visual assessment of the enhancement
of information regarding the unknown signal across each
module, thereby enabling a semi-theoretical analysis of the
convergence behavior of IDD. The iterative behavior of
SC/MMSE turbo equalization has been thoroughly exam-
ined through the EXIT chart in a significant body of
literature [45], [46], [47]. However, previous work has not
examined EP-based IDD through the EXIT chart to eluci-
date its iterative convergence characteristics, particularly in
systems employing higher-order modulation schemes. This is
mainly due to the necessity of complex mathematical manip-
ulations to represent the exchange of extrinsic values through
MM in the symbol domain as an exchange of MI. Higher-
order modulation schemes, such as 16 quadrature amplitude
modulation (QAM) or greater, require non-orthogonal bit-
to-symbol mappings that involve information-theoretically
non-invertible operations for generating symbol estimates
from bit-wise LLRs. Thus, incorporating extrinsic value
generation through MM in the symbol domain complicates
the MI calculation. Moreover, the use of symbol estimates
as inputs for plotting the EXIT curves, instead of LLRs,
precludes the application of consistent modeling previously
established for LLRs, thereby complicating the implementa-
tion of EXIT chart analysis for EP-based IDD.

Building on the above discussions, this paper first conducts
extensive simulations of large MU-MIMO-OFDM signal
detection to compare the BER performance of SC/MMSE
turbo equalization, which exchanges extrinsic values in
the LLR domain, with EP-based IDD, which exchanges
extrinsic values in the symbol domain through MM. The
comparative results indicate performance differences due
to the distinct mechanisms of extrinsic value generation
across different system configurations. To semi-analytically
support these findings, we further introduce a new EXIT
chart analysis framework that extends classical EXIT chart
analysis to accommodate symbol-domain extrinsic value
generation through MM. This framework enables the analysis
of the convergence behavior of EP-based IDD.

The contributions of this paper are summarized as follows:

o We design an EP-based IDD by replacing the extrinsic
value exchange mechanism of SC/MMSE turbo equal-
ization with MM, and comprehensively compare its
performance through large MU-MIMO-OFDM signal
detection simulations. The BER performance of EP-
based IDD demonstrates a marked improvement over
conventional SC/MMSE turbo equalization, especially
in challenging scenarios involving higher modulation
orders and increased spatial multiplexing loads. This
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enhancement occurs due to the difficulties faced by
turbo equalization in sustaining the consistency con-
dition of LLRs under challenging conditions, which
obstructs the effective exchange of extrinsic values
across iterations. In contrast, EP-based IDD utilizes
symbol-domain MM to align with the second-order
moment (i.e., expectation and variance), effectively
accounting for the discrete nature of the constellation
points and facilitating a more robust and reliable
exchange of extrinsic values.

e We design an EXIT chart to analyze the extrinsic
value exchange through MM in EP-based IDD and
visualize the effects of discrete symbol constraints. In
EP-based IDD, the two modules exchange information
in the form of symbol estimates. This requires the
accurate modeling of input and output MI derived
from these symbols when generating the EXIT curves
for each module. Furthermore, when a non-orthogonal
bit-to-symbol mapping rule is used, the generation pro-
cess of symbol estimates from bit-wise LLRs induces
information loss. To address this, a mechanism is intro-
duced to remeasure MI following symbol generation,
facilitating the accurate plotting of EXIT curves. Our
analysis reveals that the tunnel between the detector
and decoder EXIT curves for EP-based IDD is wider
compared to that of conventional SC/MMSE turbo
equalization, indicating that extrinsic value generation
through MM can yield enhanced performance improve-
ments in more challenging conditions by leveraging
the discrete nature of the symbols. The observed
consistency between the EXIT trajectories and the EXIT
curves quantitatively validates the proposed analytical
framework and offers new insights into the design of
IDD algorithms for practical system sizes.

To the best of our knowledge, this is the first study
that systematically evaluates EP-based IDD in terms of its
extrinsic value generation mechanism and compares it to
the conventional one via extrinsic LLRs in SC/MMSE turbo
equalization. We develop an EXIT chart analysis that allows
for quantitative examination of extrinsic value exchange
using MM. This framework offers new insights into IDD
design, particularly with respect to convergence behavior,
which constitutes another significant contribution.

A. RELATED WORK AND OUR CONTRIBUTIONS

The double EP (DEP) algorithm, proposed in [37], [38], is
the most widely studied EP-based IDD algorithm. It has two
loops: an inner loop that performs iterative detection using
the message passing algorithm (MPA) without a decoder
and an outer loop that carries out IDD. Both the inner
and outer loops involve extrinsic value exchange through
MM. This is, to our knowledge, the inaugural literature to
explicitly include EP into IDD design. Numerical studies
indicated that DEP significantly outperforms SC/MMSE
turbo equalization in detection performance, primarily by
enhancing the capabilities of the signal detector through

VOLUME 6, 2025

the substitution of linear MMSE with EP-based MPA. The
method for generating extrinsic value was little addressed.
These findings prompted our investigation, which seeks to
ascertain the most effective IDD design for extrinsic value
exchange. In fact, the EP-based IDD presented in this paper
is consistent with the special case of DEP where the number
of iterations of the inner loop is set to 1. To date, no study has
systematically compared and validated the two IDD design
methods—EP-based IDD and SC/MMSE turbo equalization—
under various system configurations using exactly the same
detector and decoder.

In a related work on EXIT chart analysis, a cascade
connection scheme between EP-based MPA and SC/MMSE
turbo equalization was proposed in [48], and its conver-
gence behavior was analyzed using the EXIT chart. This
study, which builds upon the earlier cascade connection
scheme of probabilistic data association (PDA) [49], [50] and
SC/MMSE turbo equalization proposed in [51], demonstrates
that replacing PDA with EP in the former stage enables
higher detection accuracy, particularly for overload MIMO
signal detection. The EXIT chart analysis examines the
convergence behavior within the subsequent IDD loop during
the later stage. The results indicate that employing EP as the
MPA in the earlier stage enhances the overall convergence
characteristics. In [48], the IDD loop utilizes conventional
turbo equalization, incorporating extrinsic value exchange
through extrinsic LLRs. However, the analysis of EP-based
IDD using MM remains unaddressed.

Another important related work in the analysis of the
iterative behavior of EP-based IDD is the convergence
analysis of extrinsic-massage-aided orthogonal approxi-
mate message passing (EMA-OAMP) [52], which extends
OAMP [53] to coded systems. Although there are some struc-
tural differences between EMA-OAMP and our EP-based
IDD, these algorithms coincide in the large-system limit.!
Therefore, the state evolution (SE) framework provided
in [52], with appropriate consideration of the adopted non-
linear detector (i.e., denoiser), can be applied to analyze the
asymptotic behavior of EP-based IDD under the large-system
limit [36]. However, while SE is a powerful and well-
established tool for analyzing convergence in asymptotic
regimes, it is applicable only when all exchanged messages
can be accurately approximated as Gaussian [54], [55], [56],
which requires extremely large system dimensions—typically
on the order of hundreds or more. SE tracks the evolution
of message variance across iterations but cannot account
for finite-size effects or deviations from Gaussianity in
decoder outputs [57], [58], [59], [60]. Indeed, even with a
MIMO configuration of (N, M) = (64, 64)-larger than the
systems considered in this paper—noticeable discrepancies
between SE predictions and simulation results have been
reported in [52]. Thus, while SE is valuable for theoretical

IThis corresponds to the idealized system, in which the input and
output dimensions, M and N, of the linear system are infinite for a given
compression ratio & & %
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FIGURE 1. MU-MIMO-OFDM system block diagram, including the IDD receiver block.

asymptotic analysis, it is insufficient for precisely defining
the convergence behavior of IDD algorithms under actual
system sizes.

In contrast, our proposed framework for EP-based IDD
does not rely on simple Gaussian approximations. Instead,
the messages (i.e., extrinsic values) exchanged between the
two modules are carefully modeled based on the specific
operations within each module and the actual statistical
properties across the iteration process. This approach allows
for highly accurate analysis of iterative behavior in realistic
finite-sized systems, complementing SE by providing robust
insights where SE is challenging to apply.

Finally, as a recent advancement in related IDD algorithm
designs, EP-based IDD structures employing polar codes
as error correction codes have been proposed [61], [62],
aiming to reduce computational complexity and enhance
performance by leveraging the code structure. Although
various modified designs have been introduced, as long as
extrinsic value exchange is performed through MM based on
EP, the analytical framework proposed in this study remains
applicable. Our proposed framework thus offers a cohesive
and widely applicable method for the analysis of EP-based
IDD structures, accommodating the ongoing evolution of
IDD designs to satisfy emerging system requirements.

B. MATHEMATICAL NOTATIONS

Sets of real and complex numbers are denoted by R and C,
respectively. Vectors and matrices are denoted in lower- and
upper-case bold-face letters. The transpose and conjugate
transpose operators are denoted by (-)T and ()1, respectively.
The imaginary unit is denoted by j £ +/—1. The real and
imaginary parts of a complex quantity are denoted by N[ - |
and 3J[ - ], respectively. For any countable finite set A, let
| A| denote the number of elements in A. The a x a identity
matrix is denoted by I,. The complex Gaussian distribution
with a mean a and a variance b is denoted by CAN(a, b).
The probability mass function (PMF) and probability density
function (PDF) with respect to random variable a are denoted
by Pa[ -] and pa(-), respectively. Also, the conditional PMF
and PDF with respect to a given the realized value b’ of
the random value b are denoted by Papp[ - |6'] and pap(:|0'),
respectively. The expected value of a random variable is
denoted by E[ - ]. For brevity, the abbreviated notation

1 A 1 .
D izj i = Dy 4i — aj is used.

5252

Il. SYSTEM MODEL

Consider an uplink massive MU-MIMO-OFDM system
composed of a BS having N antennas and serving M
synchronized single-antenna UE devices. Each of M UEs
performs spatial multiplexing transmission to a BS receiver
as shown in Fig. 1. At the m-th UE, the data bits b, =
Bin1s > bngs - - - by ] € {0, 1}1M are encoded to the
code bits € = [Cmts--vs Coner---»CmN] € {0, 1}1X¥Ne,
with the code length N; and the code rate 7, = Np/Ne.
After the interleaver processing I1, the code bits are
then modulated to the frequency-domain symbols x,,
[om1s - s Xomks - - -» Xmx] € C'K, where each symbol is
selected from the set of QAM symbol candidate points X’
with Q £ |X| denoting the modulation order. The symbol
length is K £ N./log, O, and the average power density
of the modulated symbol is Es. Each UE maps the symbol
stream x,; to a time-frequency resource using inverse fast
Fourier transform (IFFT), and then transmits the resulting
signal using OFDM. In the following, we assume that M
UEs perform spatial multiplexing transmission over time-
frequency resources consisting of R OFDM symbols (time)
x L subcarriers (frequency). During the transmission of
R OFDM symbols, the wireless channel is assumed to be
constant, but it varies for each subcarrier depending on
frequency selectivity. The insertion and removal of cyclic
prefix in OFDM transmission are assumed to be carried out
ideally, and the receiver performs MUD on the received
frequency-domain MIMO signal.

Without loss of generality, consider the spatial
multiplexing transmission of the k-th modulated symbol
vector xx[€] £ [x14[€], ..., xmil€], ..., xpril€]]7T € CMX1
using the ¢-th subcarrier. However, the relationship between
the indices ¢ and k is determined by the mapping rule of the
modulated symbols to the time-frequency resources, and the
IDD process is performed independently of ¢, so the qualifier
[£] is omitted hereafter. The corresponding frequency-domain
RX symbol vector can be expressed as

AL

T
Yk £ [yl,k, ,yN,k] = Hyxj + zx, €))

where H;, = b1k, . .- hmp, ... hyil € CN*M is the
corresponding frequency-domain MIMO channel matrix, and
hui € CN*1 denotes the m-th column vector of Hj.
In addition, zi [Z1 ks oo os Znks e s ZN,k]T e CNx1 i
the corresponding additive white Gaussian noise (AWGN)

s Ynks o o -
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FIGURE 2. Block diagram of two IDD receiver configurations.

vector, each entry of which follows CN(0, Ng) with Ny
denoting the noise power density.

At the receiver, IDD is performed to estimate the
information bits by iteratively exchanging information
between the signal detector, which estimates the TX vectors
Xi, Yk, based on the knowledge of y;, Vk, and Hy, Vk, in (1),
and the channel decoder, which performs error corrections.

For simplicity, we assume that the channel matrix Hy, Vk,
is estimated without error at the BS receiver.

lll. RECEIVER DESIGN BASED ON IDD

Fig. 2 shows the block diagram of two IDD receiver
configurations, (a) SC/MMSE turbo equalization and (b) EP-
based IDD.? As can be seen by comparing the two diagrams,
the modules that constitute the two IDDs are identical, and
only the wiring structure between the modules highlighted in
red differs due to differences in the extrinsic value exchange
mechanism. Thus, these two can be compared to verify
the change in performance due to different extrinsic value
exchange mechanisms.

In this section, we first describe each of the modules
that constitute IDD in turn, including the extrinsic value
exchange mechanism via extrinsic LLRs, according to the
block diagram of SC/MMSE turbo equalization shown in
Fig. 2(a). Next, we describe the extrinsic value exchange
mechanism via MM in EP-based IDD shown in Fig. 2(b).
Finally, we summarize the algorithm structure of the two

2The receiver configuration used in this paper does not perform self-
iterative detection (SID) that performs iterative processing without the
channel decoder. Note that it is different from DEP [37], which consists
of an inner loop that performs the EP-based SID and an outer loop that
performs IDD with the channel decoder.
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IDD receivers using pseudocode and compare the BER
performance by computer simulation.

A. SC/MMSE DETECTOR
First, we describe the SC/MMSE detector, focusing on the
detection of the TX symbol x,, ; from the RX vector y;, and
the channel matrix Hy based on (1).

For later convenience, let us define the soft replica (i.e.,
tentative estimate) of x,, x as Xk, such that its mean square
error (MSE) can be expressed as

Dk 2 B[ [xm = i’ @)

At the first iteration (¢t = 1), the soft replica and its MSE
are appropriately initialized, i.e., Xt = E[xn ] = 0 and
(ﬁm,k = E[|xm,k|2] = E5. The soft replica generation in the
second and subsequent iterations will be explained later.

Let us start with the soft interference cancellation (soft 1C)
for the RX vector y; with the aid of the soft replicas X, x, Vm
generated in the previous iteration. In the detection of x, t,
the cancellation process is expressed as

M
Tk =Yk — Y hiski
i#m
Inter-symbol interference cancellation
M
= hpiXmi + > hix(xix — Rik) + 2. 3
i#m

A . . .
=, k: Residual interference plus noise

Under large-system conditions, the residual interference-
plus-noise component of (3) can be approximated as a
multivariate complex Gaussian random vector in conformity
with central limit theorem (CLT). This approximation is
referred to as vector Gaussian approximation (VGA) [18].

Accordingly, the conditional PDF of (3), given x, x, can
be expressed as

Py g % o k&) 4)

X CXP[— (jm,k - hm,kxm,k)H E;’lk (jm,k - hm,kxm,k)] y

where
i 2 B[] = B = uihnill e )
with
M
Ev2 ) bmihm iy i + Noly. 6)
m=1

Using &, the conditional PDF of (4) can be written as

_ |xm,k - Em,k|2

P i X k (P k6 k) o< exp = , 7
¢m,k
with
1 _ 1 — (lg
X _—pH =15 Nm,kPm,k
Xm,k = hm,k‘:k ym,k’ ¢m,k = (8)
mk N,k
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Algorithm 1 SC/MMSE Detector

Algorithm 2 LLR Calculator (LLR Calc.)

Require: y, Hy, (Xn k. bm.x» Ym)

Require: _{)‘cm,k, (Z)m’k’ vk}

Ensure: {x,, «, m.k, Ym} Ensure: ﬂm L B, Bm.,ncs e Bm,Nc] e RIxNe
1: Vm'~ = — ZM h 5(? . |)_Cm,k*)c|2
: Ymk =Y izm Uik Xi ) 1: Yk, x:qm k(x) = exp v
2 Vm:s—lz( MG k™ Nol ) _ s
k D m=1 Om kB by, . + Noly 2 Vs, ki B(Comp) = ln<—zxex“"*lq ’k(x))

3: Vm: =n =-h ” 2 xeX|eg=0 Im k()
: Tk = Ry = N k oz 2 5 _
4: Vm)_c L= LhH :v—lj; r 3 Yk ﬁm,i{ - [ﬂ(cl,ln,k)a R ) ﬁ_(cs,m,k)v ] /3(CS,m,k)]
: Xk = =

_ ?ik m;bk o 4 ﬂm: [Bm,l’-~'aﬂm,k"--vﬂm,K]
5: VYmipy p = —nf;';fk mok

where 9k = h,';',,kE k_lhm,k, which is derived by applying
the matrix inversion lemma to eliminate the dependency of
E .k in (5) on the user index m, allowing us to share the
same inverse matrix = k_l for Vm [50].

For later convenience, the pseudocode of the SC/MMSE
signal detection algorithm is given in Alg. 1.

B. LLR CALCULATOR

Next, the bit-wise LLRs are calculated based on the output
of SC/MMSE detector in (8). When X, ; consists of § £
log, Q coded bits ¢1 mk, .-, Cs.mks - - - » CS.m.k> the bit-wise
LLR corresponding to cs , x can be expressed as

Ig(cs’m’k) é ln ( ZXGX‘CJII p)_(m,klxm,k (xm,k |x) ) , (9)

ZXEX‘Q;:O p)_(m,klxm,k ()_Cm’k|x)

with

- 2
X — X
p)_(m,klxm,k ()_Cm’k|x) X exp |:_ | m’f | }7 (10)
¢m,k

where X|c; = ¢ (¢ € {0, 1}) denotes a set of candidate
symbol points such that the s-th bit ¢ constituting x is c.

As an example, when the modulation scheme is Gray-
coded quadrature phase-shift keying (QPSK), ie., X £
{(£VEs/2+jEs/2}, Q =4, S = 2, the bit-wise LLR in (9)
can be rewritten as

|

Y\ Xm, k

Blcimi) = (11a)

m,k

2V2E; .
VS M oma]-
¢m,k

The pseudocode of the LLR calculator generalized to any
modulation scheme is given in Alg. 2.

Blcomi) = (11b)

C. EXTRINSIC VALUE EXCHANGE VIA EXTRINSIC LLRS
As shown in Fig. 2(a), in SC/MMSE turbo equalization, the
detector output LLR Bm is first de-interleaved to generate
the decoder input LLR B:n and then input to the decoder.
The decoder output LLR «, is then interleaved to generate
the posterior LLR «,,, and the posterior LLR is subtracted
from the prior LLR to generate the extrinsic LLR A
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Assume that the detector output LLR Bm is obtained for
the m-th UE. First, B,, is de-interleaved to generate the
decoder input LLR as

- —

(12)

where T1(-) is the interleaver operation used at the transmit-
ter, and T1~'() is the reverse operation (i.e., de-interleaver
operation). The obtained LLR B:n is then input to a soft-
decision decoder, and after appropriate error correction
processing, the decoder output LLR e/, is obtained. After
applying the interleaver operation again, the posterior LLR
is obtained as

W = [ty O - U] = T (ey,),  (13)
Finally, the extrinsic LLR is generated by subtracting the
prior LLR 8,, from the posterior LLR e, based on the turbo
principle as

i, 2 [Amlxme] =am—B,. (14)

D. SOFT REPLICA GENERATOR
Let us define the bit vector comprising the TX symbol

A
Xm,k AS Cmk = [Cl,m,kv e Csmks - CS,m,k] € {Qa 1}1><S
and the corresponding extrinsic LLR vector as Amjx =
[ACtmi)s s AMCsmb)s -y Mesmp)] € RS Note that
Am = [Am1, - s Amk, - - -5 Amx]. The soft replica of xp, x

and its MSE can be obtained in general from the conditional
expectation given Ay i, as

)ACm’k = Z xPXm,kD:m.k [xlim’k]’ (153)
xeX

A ~ 2 A

Dok = Y[ = kiP5, [¥Ama ] 15D)
xeX

Assuming the independence among the bit-wise LLRs on
the premise of interleaving process, we have [63], [64]

N

ik | =TT Pe it ey [ 1A (Comi) |- (16)

PXm,inm.k |:
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Algorithm 3 Soft Replica Generator (Soft RG)

A

Require: A, = | A1y ... Ak, ...,lm,K] e RIXNe

Ensure: {X k, @m.i, Yk}

1: Vs, k, x:u(cs,m.k, X)

= 21—5 Hf:lg + (2¢5 — l)tanh[w])

: VkZ)ACAm,k =2 ex X u(Csmks X)
: Ve k = er;( |3C|2 ~u(Cs,m ks X) — |5€m,k|2

In addition, when the bit-wise LLRs have ideal statistical
properties that meet the consistency condition [30],? the bit-
wise conditional probability in (16) can be expressed as

PCJ,m,kli(Cx.m,k) I:CS |i (CS,m,k)iI

= %(1 + (2¢5 — 1)tanh|:)L(cs—ém’k)]>, 17)

As an example, when the modulation scheme is Gray-
coded QPSK, from (16) and (17), the soft replica and its
MSE in (15) can be rewritten as [57]

A A
Sk = ,/%(tanh[(clT’m’k)} +jtanh[(czT”"’k)D,(18a)

‘i’m,k =Es— |55m,k|2- (18b)

The pseudocode of the LLR calculator for a general
modulation scheme is given in Alg. 3.

The one iteration of SC/MMSE turbo equalization is
completed by feeding back the soft replicas of TX symbols
and their MSEs to the soft IC.

E. EXTRINSIC VALUE EXCHANGE BASED ON EP
In this subsection, we describe the extrinsic value exchange
via MM, according to the block diagram of EP-based IDD
shown in Fig. 2(b). The procedure up to the generation
of the posterior LLR «, is the same as SC/MMSE
turbo equalization described in Section III-C; however, the
subsequent extrinsic value generation process is different.
First, the posterior LLR ¢, in (13) is fed directly into
the soft RG in Alg. 3 to obtain the posterior estimate Xy
and its MSE (ﬁm,k. Next, the conditional PDF of the soft
replica X, , given the true TX symbol x,, , is approximated
by the Gaussian distribution with the expectation X, s and
MSE qgm, k S0 as to minimize the Kullback-Leibler divergence
(KLD). When approximating an arbitrary target distribution
with a tractable distribution belonging to the exponential
family so as to minimize KLD, it has been proven that it
is sufficient to match the moments of the two distributions;
hence, this operation is referred to as moment matching
(MM) [35], [36]. Since this method adopts Gaussian as a

3The idealized LLR that satisfies the consistency condition has a mean-
to-variance ratio of 1:2.
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TABLE 1. Simulation conditions.

Value
(N, M) = (32,16), (32, 24), (32, 32)
Ideal estimation
Number of subcarriers L =281
Number of FFT point 128
Rayleigh fading

Item
MIMO configuration
Channel estimation

Channel model .
with equal powered 3-tap PDP

Modulation Scheme Gray coded QPSK, 16QAM, 256QAM

Channel coding scheme LDPC [65]
Channel decoding scheme SPA
Code length N. = 1944
Code rate re =2/3
Maximum number of SPA iterations Tspa = 50
Number of IDD iteration T=28

tractable distribution, we need only adjust its mean (expected
value) and the MSE equal, i.e.,

Cexp|:——|xm’k _ )Em’k|2 :|
¢m,k

|,k — J?m,k|2 |,k — 56m,1<|2
=exp| —————— |exp| —————— [, (19)
p|: ¢m,k P (bm,k

where C € R denotes the proportionality constant. By
solving (19) for X, x and ¢y, , the extrinsic soft replica and
its MSE can be expressed as [34], [36]

ok = G| Tk Ik ) (20a)
m,k ¢m,k
1 1 1
(20b)

¢m,k ¢m,k ¢m,k

F. ALGORITHM DESCRIPTION

The pseudocode of the IDD-based MUD algorithm described
above is summarized in Alg. 4. The algorithm has a common
SC/MMSE detection and channel decoder error correction
process, and branches at the extrinsic value generation
section. In SC/MMSE turbo equalization, the extrinsic value
is generated in the LLR domain by subtracting the prior LLR
from the posterior LLR in line 10. In contrast, in EP-based
IDD, the extrinsic value is generated by subtracting the prior
soft estimate from the posterior soft estimate according to
their MSEs in lines 14 and 15. Unlike the SC/MMSE turbo
equalization, which simplifies extrinsic value generation by
assuming the consistency condition, EP-based IDD differs
significantly in that it generates extrinsic values by matching
the second moments of messages in the symbol domain.

G. BER PERFORMANCE

We have simulated a large MU-MIMO-OFDM system
to compare the BER performance of SC/MMSE turbo
equalization (turbo EQ) and EP-based IDD. The simulation
conditions are summarized in Tab. 1. The frequency-selective
channels are characterized by Rayleigh fading with an equal
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Algorithm 4 IDD-Based MUD Algorithm

Require: {y,, Hy, Yk}, T (Num. of iterations)
Ensure: {a;,(lT),Vm}

/* 7 Initialization — */
1 ¥, kii0) = Eltmi] = 0
2: Vm, k(lgr(nl)k = EU K —x( ) i| =Eq
/* —— IDD Iteration — */

3:fort=1to T do
/I SC/MMSE detection and channel decoding

4: Vk: Execute Alg 1 to obtain {xﬁ)k,qﬁx)k,‘v’m}
using y;, Hg, {xm o ¢>m o Ym)

5: Vm: Execute Alg. 2 to obtain {/_ii,?,‘v’m}
using (%7, ¢>§,?k, V)

o Bl = (3Y)

7: Vm: Execute error correction of B;(:) by decoder
to obtain a;, 0

8: Vm: a(l) H(oei,@)

// Extrinsic value generation and soft RG
9: if Extrinsic LLR-based scheme then

/I SC/MMSE turbo Equalization

00 Vmd) =@ — gY
1 Vm.()Execute Alg. 3 to obtain (FD, %D vy
. ~(r
using A,
12: else
// EP-based IDD
13: Vm: Execute Alg. 3 to obtain {x,(:l)k,qﬁ,(,?k,‘v’k}
using al)
14 Vm, k: =L __L
m‘) Sk ok
A(H—l) (t+1) (t) B
15: Vm k ¢ ¢(_t)k —_ E
16: end if ' ’
17: end for

powered three-tap power delay profile (PDP). The system
employs 81 subcarriers, and the number of FFT points is
set to 128. The average RX power from each TX antenna
is assumed to be identical based on the slow open-loop TX
power control, and the time and frequency synchronization
is assumed to be perfect. The MIMO-OFDM channel is
assumed to be estimated at the receiver without error,
and its entries, i.e., the fading coefficients, are assumed
to be constant for each R time slot transmission. The
modulation schemes are Gray-coded QPSK, 16QAM, and
256QAM.* The low-density parity-check (LDPC) code with
the rate of r. = 2/3 and length N, = 1944 coded bits
used in the IEEE 802.11n standard is used as the channel

4The performance of 64QAM is omitted due to the space limitation.
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code [65]. The sum-product algorithm (SPA) is used in the
channel decoder, where the decoding process is terminated
when either satisfying all parity checks or reaching the
predetermined maximum number of SPA iterations Tspy =
50. The maximum number of IDD iterations is set to 7 = 8.

Fig. 3 shows the BER performance as a function of signal-
to-noise power ratio (SNR), defined as SNR £ MES/No,
in the large MU-MIMO-OFDM systems with (N, M) =
(32, 16), (32,24), and (32, 32), respectively. Note that the
performance of the two methods should agree for the first
iteration (7 = 1) since their operation are identical.

In the configuration of (N, M) = (32,16) in
Figs. 3(a)-(c), the number of RX antennas N is sufficiently
larger than the number of spatial multiplexing M, so the
accuracy of SC/MMSE detection is sufficiently high due
to channel hardening [18]. In this case, especially for
QPSK modulation, the LLR meets the consistency condition
with high accuracy; hence, it is possible to appropriately
generate and exchange extrinsic values in the LLR domain.
Consequently, as illustrated in Fig. 3(a), the performance
of turbo EQ and EP-based IDD appear to be comparable.
On the other hand, when using a non-orthogonal mapping
rule, as the modulation order Q increases, the actual LLR
behavior gradually deviates from the statistical properties of
the idealized LLR that meets the consistency condition. In
fact, in Figs. 3(b) and (c), EP-based IDD achieves better
performance than turbo EQ, and the performance difference
is more pronounced for 256QAM. The results suggest that
extrinsic value generation in the symbol domain via MM is
not affected by inter-bit correlation, and that it can achieve
robust extrinsic value exchange in higher-order modulation
transmission.

Next, in the configuration of (N,M) = (32,24) in
Figs. 3(d)-(f), the performance of EP-based IDD is sig-
nificantly better than that of turbo EQ. The improvement
is particularly noticeable for the higher-order modulation
schemes, where the performance difference at BER =
10~* for T = 8 is about 1.2 dB in Fig. 3(e) and about
1.5 dB in Fig. 3(f). As the spatial load increases, the
SC/MMSE detection accuracy decreases, making it difficult
to appropriately exchange extrinsic values in the LLR
domain, and we can see that the iterative gain after the
4-th iteration becomes small in turbo EQ. On the other
hand, the iterative gain is maintained in EP-based IDD,
which supports the success of extrinsic value exchange
via MM.

Finally, in the configuration of (N,M) = (32,32) in
Figs. 3(g)-(i), it becomes difficult to suppress interference
using SC/MMSE detection, and the residual interference
components violate the consistency condition as correlated
noise; hence, extrinsic value exchange in the LLR domain
does not work well. As a result, the performance difference
between turbo EQ and EP-based IDD increases to about
1.2 dB for QPSK in Fig. 3(g), about 2.5 dB for 16QAM
in Fig. 3(h), and about 5 dB for 256QAM in Fig. 3(I) at
BER = 107* for T = 8.
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FIGURE 3. BER performance versus SNR for various MIMO configurations and modulation schemes.

The aforementioned numerical results indicate that an
increase in modulation order and spatial load enhances
the robustness and efficacy of the iterative process for
exchanging extrinsic values in the symbol domain through
MM, as opposed to those in the LLR domain via extrinsic
LLR.

IV. EXIT CHART ANALYSIS FOR EP-BASED IDD
The EXIT chart is an analytical technique that assesses, both
visually and numerically, the degree of knowledge about the
intended (target) signal that may be acquired at each iteration
step of IDD, by treating the transfer of extrinsic information
between modules as an exchange of MI. By plotting the
input-output relationship of MI for each module as an EXIT
function (curve), and by tracing the evolution of MI during
actual iterative processing as an EXIT trajectory, the iterative
behavior of IDD can be systematically analyzed [39], [40].
To visualize the exchange of extrinsic values in the
EXIT chart, it is necessary to appropriately divide the
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IDD algorithm into two modules. In this paper, each IDD
algorithm is divided as illustrated in Fig. 4, where the blue
dashed line indicates the division line: the side including the
SC/MMSE detector is defined as Module A, while the side
including the channel decoder is defined as Module B. By
dividing the algorithm so that the extrinsic value generation
mechanism is included within Module B, the information
flowing through the division point becomes extrinsic values.’
The module division for SC/MMSE turbo equalization in
Fig. 4(a) is exactly the same as that used in previous EXIT
chart analysis [45], [46], [47].

When applying EXIT chart analysis, the fundamental
difference between the two IDD algorithms lies in the
type of information exchanged across the division point. In
SC/MMSE turbo equalization, LLRs are exchanged, whereas
in EP-based IDD, the exchanged information consists of

5For both IDD algorithms, the two module division points are logically
identical: 1) after SC/MMSE detection, and 2) after extrinsic value
generation by subtracting prior information from posterior information.
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FIGURE 4. Module division for EXIT chart analysis.

symbol estimates and their associated MSEs. The fact that
the information exchanged at the division points is defined
in the symbol domain introduces two inherent challenges for
constructing the EXIT curves:

o MI loss during the conversion from bit-wise LLRs to
symbol estimates under high-order modulation: In the
case of Gray-coded QPSK, where the bit-to-symbol
mapping is orthogonal,® a sequence of symbol estimates
can be generated that preserves the MI of the original
bit-wise LLR sequence. However, for higher-order
QAMs (e.g., O > 16), the bit-to-symbol mapping
becomes non-orthogonal, and converting from bit-wise
LLRs to symbol estimates introduces MI loss. If this
loss is not properly accounted for, the resulting EXIT
curves will fail to accurately capture the actual iterative
behavior of EP-based IDD.

e Proper modeling of the input symbol estimates (i.e.,
their associate statistics) for each module: In the case of
SC/MMSE turbo equalization, modeling the input and
output of each module is straightforward because the
exchanged information is represented by LLRs. Under
the assumption that the consistency condition holds, it
is known that a bit-wise LLR sequence with arbitrary
MI can be generated using the J-function [39], making
the construction of module inputs relatively easy. In
contrast, for EP-based IDD, the symbol estimates and
their associated MSEs input to each module during the

60rth0g(mal mapping refers to a mapping scheme in which each bit is
uniquely and independently assigned to either the in-phase or quadrature
component of a modulated symbol.
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FIGURE 5. MI measurement before and after conversion to symbol estimates.

iterative process exhibit fundamentally different statisti-

cal properties depending on how they are generated. It is

not difficult to imagine that the statistical properties of

the symbol estimates output from the SC/MMSE detec-

tor (i.e., a linear filter) differ significantly from those

output from the soft RG (i.e., a nonlinear denoiser).
In the following subsections, we provide a detailed descrip-
tion of these challenges and their corresponding solutions.
We then describe the procedure for plotting the EXIT curves
for each module in the EP-based IDD.

A. MI LOSS DURING CONVERSION FROM BIT-WISE
LLRs TO SYMBOL ESTIMATES

This section describes the MI loss that occurs during the
conversion from bit-wise LLRs to symbol estimates when
high-order modulation schemes are employed. Hereafter, the
MI used in this paper refers to the well-known bit-wise MI
defined between the TX bit and the corresponding bit-wise
LLR, as presented in [39].

As illustrated in Fig. 5, an LLR with an arbitrary input
MI [ipoy is generated using the J function [39], [40]. Then,
by computing the conditional expectation of the TX symbol
given the LLRs, the corresponding soft symbol estimates and
their MSEs are obtained. Subsequently, they are converted
back into bit-wise LLRs, and the resulting output MI Zouput
is measured. By comparing the input MI Ijpoy with the
measured output MI Iyygpue, the MI loss introduced during
the conversion process can be quantitatively evaluated.

Fig. 6 shows the relationship between the input MI Linput
before symbol conversion and the output MI Ioypy after
symbol conversion for various modulation schemes. Gray-
coded QPSK, 16QAM, 64QAM, and 256QAM were used
as the modulation schemes. The output MI was computed
using the LLR sequence corresponding to 10® symbols.
The results show that, for QPSK, the input and output
MI are approximately equal7 (i.e., Iinput ~ Iouput). In
contrast, for higher-order modulations (Q > 16), a significant
decrease is observed in the output MI compared to the
input MI (i.e., finput > Ioutput). This phenomenon occurs
because, in higher-order modulations, both the real and
imaginary parts of a symbol are determined by multiple bits,
introducing dependencies among the constituent bits (i.e.,
inter-bit correlations). The conversion from independently
generated bit-wise LLRs to symbol estimates induces such
correlations, resulting in MI loss.

TEven with QPSK modulation, a slight MI loss occurs due to the

finite number of LLR samples used for MI measurement, which limits the
accuracy of the resulting histogram.
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FIGURE 8. Ml loss during the conversion from bit-wise LLRs to symbol estimates per each bit position.

To gain a more intuitive understanding of how this MI loss
arises, we analyze the input—output relationship of (9), which
converts symbol estimates and their MSEs into bit-wise
LLRs. For simplicity, we focus on the real part of the symbol
estimates, i.e., R[Xy k], Vm, k, leveraging the orthogonality
between the real and imaginary components in Gray-coded
QAM. It is worth noting that a similar discussion applies to
the imaginary parts J[X, ], Vim, k, as well.

Fig. 7 shows the projection function from the real part
of the symbol estimate N[x,x] to the bit-wise LLRs
B(cl’m,k), B(CZ,m,k)a el B(CS,m,k) for each bit position,
based on (9), under various modulation schemes. The
horizontal axis represents the value of N[x, ], and the
vertical axis represents the corresponding bit-wise LLR
,3 (cs,m.k)- The grid along the horizontal axis corresponds to
the real part of the QAM constellation points, assuming an
average symbol energy of E; = 1. A key observation from
these results is that, while the projection function for the
first-bit position is a monotonic function in all modulation
schemes, the functions corresponding to the second and
subsequent bits exhibit local maxima and minima. This
indicates that the dynamic range of the resulting bit-wise
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LLRs is limited depending on the bit position. Ideally, bit-
wise LLRs—which convey the reliability of each estimated
bit-should span the entire real line, as in the case for
the input LLRs generated via J function. However, the
LLRs reconstructed from symbol estimates exhibit restricted
dynamic ranges, leading to a loss of information regarding
bit reliability. This fact confirms that the conversion from
bit-wise LLRs to symbol estimates via (15) is non-invertible,
and that re-conversion from the symbol estimates to bit-wise
LLRs does not preserve the original MI.

The impact of the limited dynamic range of LLRs
observed in Fig. 7 can also be visualized in the MI domain
by focusing on the bit positions. Fig. 8 shows the relationship
between Iippyt and Ioypue when Ml is independently measured
for each bit position within the real part of a QAM symbol.
For instance, in the case of 16QAM, the real part of each
symbol consists of 2 bits. In Fig. 8(b), the “Ist bit” refers to
the MI measured using only the LLRs corresponding to the
first bit (s = 1), while the “2nd bit” refers to that measured
using only the LLRs corresponding to the second bit (s = 2).
It should be noted the average MI across all bit positions
matches the result shown in Fig. 6. As the restriction in the
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LLR dynamic range becomes more pronounced in Fig. 7,
the MI degradation observed in Fig. 8 increases accordingly.
This effect is particularly noticeable in the later bit positions
of each symbol, where the dependency on preceding bits is
greater.

The above analysis has clarified that, when high-order
modulation is used, MI loss occurs during the conversion
from bit-wise LLRs to symbol estimates. In EP-based IDD,
symbol estimates and their MSEs are exchanged between
two modules as the extrinsic information. Hence, if symbol-
domain inputs are simply generated by converting an LLR
sequence with a given MI, the resulting MI in the symbol
domain will differ from that in the LLR domain, making
accurate analysis impossible. Unless the inputs to each
module are properly modeled to reflect what is expected
during actual iterative processing, the EXIT curves cannot be
accurately plotted. In such a case, the resulting EXIT curves
will inevitably be inconsistent with the EXIT trajectory.

The most effective way to address this challenge in
EXIT chart analysis for EP-based IDD is to retain both
the symbol estimates/MSEs and the corresponding bit-wise
LLRs as the extrinsic information exchanged between two
modules. Specifically, as illustrated in Fig. 4(b), it is assumed
that the information flowing through the connections in
the block diagram of the IDD algorithm simultaneously
carries MIs corresponding to both the LLRs and the sym-
bol estimates/MSEs. The appropriate representation can be
selectively used depending on the operation, thereby avoiding
breakdowns in the analysis. This approach eliminates the
need to explicitly consider LLR-to-symbol conversions in
the subsequent analysis, thus enhancing the clarity and
tractability of the EXIT chart analysis for EP-based IDD.
Based on this approach, the following subsection presents
a method for appropriately modeling the input symbol
estimates for each module and constructing the EXIT curves.

B. MODELING INPUT SYMBOL ESTIMATES AND
CONSTRUCTING EXIT CURVES

This section describes the method for appropriately modeling
the input symbol estimates of each module and constructing
the corresponding EXIT curves.

Module A: Fig. 9(a) illustrates the modeling approach
for the input symbol estimates of Module A. During the
iterative process of IDD, the input to Module A corresponds
to the symbol estimates output from the nonlinear denoiser,
highlighted in orange. It should be noted that, although
MM corrects only up to the second-order statistics, the
actual stochastic behavior of the equivalent noise is governed
by the non-linearity of soft replica generator (soft RG).
Therefore, to accurately model this nonlinear noise, we
directly input the LLR sequence into soft RG and use the
resulting soft estimates and their MSEs—computed based
on the conditional expectation—as the model for the input
information to Module A.

Fig. 9(b) illustrates a block diagram of the procedure
for measuring the input and output MI of Module A. The
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FIGURE 9. Schematic diagram for modeling the input symbol estimates of module A
and plotting the EXIT curve.

region enclosed by the orange dashed line represents the
processing of Module A, and the MI is measured for the
symbol estimate sequences at the input and output of this
module. The soft RG module used to generate the input
symbol estimates and their MSEs—modeled as described in
Fig. 9(a)-is shown as the orange-colored block. Based on
this block diagram, the procedure for measuring the input
and output MI of Module A is described step-by-step below.

First, a bit-wise LLR sequence ):;n, Vm, is generated using
the J function such that it has a target MI Ij;. Then, using
Alg. 3, the corresponding soft estimates Xk, Vm, k, and
their MSEs ém,k,‘v’m, k, are computed. From these, the
associated LLR sequence A, Vm, is measured using Alg. 2.
The resulting symbol estimates are then fed back to the
SC/MMSE detector. Using the corresponding LLR sequence
Am, the MI of the soft symbol sequence input to Module A,
I m, is measured for each stream m. By averaging over all
M streams, the average input MI for Module A is obtained
as Iy = 1/M Z%:l I ;m- By measuring the MI of the LLR
sequence corresponding to the input symbol estimates, an
appropriate input MI for the module is obtained.

Next, using the symbol estimates input to Module A,
the SC/MMSE detection is performed according to Alg. 1,
resulting in the detected symbols X, , Vi, k, and their MSEs
q_Sm,k, Vm, k. Subsequently, the LLR sequences Bm, Vm, are
computed based on the detected symbols using Alg. 2. The
output MI I4 ,, for each stream m is then measured based
on the histogram of the corresponding LLR sequence [28].
Similarly, by averaging these values across all M streams,
the average output MI I, is obtained.

In fact, the MI of the detector output differs across
streams. However, in this paper, we assume that the quality of
each TX stream is statistically uniform from the perspective
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Algorithm 5 EXIT Curve for Module A in EP-Based IDD

Require: Tentative Input MI I, coded bits {c,,, Ym}, chan-
nel matrix and corresponding RX vector {H ks Yies Vk}
Ensure: Input MI Ip, Output MI Iz

e Initzialization -
1: o = J_I(IJ/?’), MUB = UTB
2: Vm : )A‘;n = UBCy; + VB,
where each entry of vg follows CA/(0, aé)
/* Soft RG ——— ¥/
3: Vm: Execute Alg. 3 to obtain {X;, x, (;Aﬁm,k, Vk}
using )t:n
/¥ 7 Input MI calculation — *#/
4: Vm: Execute Alg. 2 to obtain A

using {)%m,ka qgm,ks Vk} R
5: Vm: I, is calculated from the histogram of A, [28]
6: Iy = % Zﬁm/lzl Is.m
/¥ 7 SC/MMSE detection — %/
7. Vk: Execute Alg. 1 to obtAain {xm, &m, Vm}
using y, Hy, {Xm.k> m.k, Y}
8: Vm: Execute Alg. 2 to obtain f8,,
using {Xpk, @m,k. Vk}
/¥ 7 Output MI calculation — ~ */
9: Vm: I p is calculated from the histogram of Bm [28]
10: Ip = % Z%:l IAm

of long-term statistics due to channel hardening in large
MIMO channels [18], based on the premise of slow power
control at the transmitter side. Under this assumption, the
MI is calculated by averaging across streams. The resulting
MI represents the average input-output relationship of the
channel decoder and sufficient knowledge for performing
iterative convergence analysis using EXIT chart.

The above procedure is summarized in pseudocode form
as Alg. 5. For EXIT curve construction, as illustrated in 9(b),
the average input MI [ is plotted on the horizontal axis, and
the average output MI I is plotted on the vertical axis. By
measuring pairs of input and output MI (I, I4) for various
values of the parameterized tentative input MI I}, the input-
output relationship of Module A can be visualized as an
EXIT curve.

Module B: Fig. 10(a) illustrates the modeling approach
for the symbol estimates input to Module B. During the
iterative process of IDD, the input to Module B corresponds
to the symbol estimates output from the SC/MMSE detector,
highlighted in green. Unlike the input to Module A, which
consists of the soft replicas generated through nonlinear
processing (i.e., denoiser), the input to Module B results
from linear processing (i.e., LMMSE filtering). It is well
known that the output of the LMMSE filter can be
well approximated as the output of an equivalent AWGN
channel [36], [66]. Therefore, the input to Module B can be
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(a) Modeling input symbol estimates of module B.
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(b) Measuring module input and output MI.

FIGURE 10. Schematic diagram for modeling the input symbol estimates of module
B and plotting the EXIT curve.

modeled as symbols observed through an equivalent AWGN
channel with a given input variance ¢, representing the MSE
of the SC/MMSE-detected symbols.

Fig. 10(b) illustrates the block diagram for measuring the
input and output MI of Module B. The region enclosed by
the green dashed lines represents the processing of Module
B, and the MI is measured for the symbol estimate sequences
at the input and output of this module. Based on this block
diagram, the procedure for measuring the input and output
MI of Module B is described step-by-step below.

First, the TX symbol sequence xi, Vk, is passed through
an equivalent AWGN channel with variance ¢ to generate
a pseudo output of the SC/MMSE detector, given by x; =
Xi + ng, Yk, where ng ~ CN(0, ¢). Then, the corresponding
LLR sequence B is computed using Alg. 2. The MI of B
is measured and used as the input MI I5 for Module B.
The generated soft symbol sequence will also be used as
prior information in the subsequent extrinsic value generation
process, as described later.

Next, the LLR sequence B undergoes de-interleaving and
is input to the channel decoder for error correction. The
decoder outputs the posterior LLR sequence «’, which is
then interleaved to obtain «. Using this posterior LLR
sequence, soft replicas X, Vk, and their MSEs ék,Vk, are
generated via Alg. 3. These soft replicas are used as posterior
information in symbol-domain extrinsic value generation.
Given the prior information Xxi, Vk, and (ﬁ, along with the
posterior information, the extrinsic symbol estimates X, Vk,
and their MSEs ék, Vk, are generated through MM in (20).
The resulting extrinsic symbol estimate sequence is then
converted into the corresponding LLR sequence A using
Alg. 2. Finally, the output MI /g is obtained based on the
histogram of A
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Algorithm 6 EXIT Curve for Module B in EP-Based IDD

Require: Input AWGN variance ¢, coded bits ¢
Ensure: Input MI I, Output MI I

- %/
..,xK] € (CIXK

/¥ = Initialization
1: Modulate ¢ to obtain x £ [xi, ... y Xk
2: Vkixp = xp + Vm.ks Vm,k ™ CN(O, (5)

/¥ 7 Input MI calculation —  */
3: Execute Alg. 2 to obtain B using {¥x, ¢, Vk}
4: Ip is calculated from the histogram of ﬁ [28]

/¥ = Channel decoding - ¥
- -
5: 8 = H_l(ﬂ) y
6: Execute error correction of 8 by decoder to obtain o
7. o = T(a’)
/* — Extrinsic value generation via MM */
8: Execute Alg. 3 to obtain {xz, qgk, Vk} using «
9: VkAl =1_1
B
10: Vi = (x_k - &)
w=d\g 5 .
/¥ 7 Output MI calculation — */

11: Execute Alg. 2 to obtain A using {Xxi, ¢A>;A{, vk}
12: I is calculated from the histogram of A [28]

The above procedure is summarized in pseudocode form
as Alg. 6. For EXIT curve construction, as illustrated in
Fig. 10(b), the input MI /4 is plotted on the vertical axis, and
the output MI Ip is plotted on the horizontal axis. By varying
the equivalent noise variance ¢ of the AWGN channel and
measuring pairs of input and output MI (I, Ig), the input-
output relationship of Module B can be visualized as an
EXIT curve.

As a final remark, we summarize the overall procedure of
the EXIT chart analysis to conclude this subsection. In EXIT
chart analysis, the EXIT curves of both modules are first
plotted in advance, and the iterative convergence behavior
is analyzed by overlaying the EXIT trajectory on top of
these curves [39]. To construct the EXIT trajectory, the MI
at the two division points shown in Fig. 4(b) is measured
during each iteration of the actual IDD process. The MI pairs
(I, Ia) at each division point are sequentially plotted, and
by connecting the points starting from the first iteration as
(0, Ip), the EXIT trajectory is traced to visualize the iterative
behavior of the algorithm.

C. EVALUATION VIA EXIT CHART ANALYSIS

Using the methods introduced above, we have conducted
the EXIT chart analysis of EP-based IDD. The EXIT
chart analysis of conventional SC/MMSE turbo equalization
(turbo EQ) was performed following the standard procedures
described in [45], [46], [47]. The simulation parameters are
identical to those listed in Tab. 1 of Section III-G, and the
EXIT chart analysis presented below corresponds to the BER
performance shown in Fig. 3.
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FIGURE 11. EXIT chart analysis for (N,M) = (32,16).

Fig. 11 shows the EXIT chart for the (N, M) = (32, 16)
configuration with 16QAM signaling, corresponding to SNR
= 8 dB in Fig. 3(b), where the horizontal and vertical
axes represent Ig and Ip, respectively. The EXIT curves
of Module A are generated for each of 100 realizations of
{H, y, Yk} to verify the channel hardening effect, so they
appear as gray bands. In the EP-based IDD case shown
in Fig. 11(b), the EXIT curves of Module A are generated
using Alg. 5, while those of Module B are generated using
Alg. 6. The EXIT trajectory is plotted using one of the 100
realizations used to construct the EXIT curves of Module A
and illustrates the MI evolution during iterative processing.
Vertical movements along the trajectory indicate MI gains
associated with Module A, while horizontal movements
indicate MI gains associated with Module B. When the EXIT
trajectory reaches Ig = 1, full knowledge of the TX bits
is acquired, allowing for error-free decoding. Conversely,
in the event that the EXIT curves of Modules A and B
intersect at a midpoint, the MI is unable to progress beyond
this intersection point. The EXIT trajectory is consequently
inhibited from attaining /g = 1, leading to the occurrence
of decoding errors.

At the SNR = 8 dB point in Fig. 3(b), which corresponds
to Fig. 11, both turbo EQ and EP-based IDD achieve BERs
below 1075, Hence, a tunnel is opened between the EXIT
curves of Modules A and B, and the EXIT trajectory is able
to reach Ig = 1. In Fig. 11, the EXIT curves and EXIT
trajectory are in good agreement, and it can be seen that
EXIT chart analysis can be achieved even with EP-based
IDD by using the proposed method.
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FIGURE 12. EXIT chart analysis for (N,M) = (32,24).

A notable observation here is that EP-based IDD exhibits
a wider tunnel. This suggests that the generation of symbol-
domain extrinsic values through MM, which accounts for
the discrete constraints of symbols, can lead to a more
robust MUD compared to the traditional extrinsic LLR-based
approach. To validate this hypothesis, we shift our focus to
MIMO configurations with higher spatial loading. Although
some misalignment between the EXIT curves and trajectory
may occur under these challenging conditions,® meaningful
insights can still be extracted from the analysis results.

Fig. 12 shows the EXIT chart for the (N, M) = (32, 24)
configuration, corresponding to the BER performance shown
in Figs. 3(d)-(f), respectively. Figs. 12(a)-(c) show the EXIT
chart for turbo EQ, where the EXIT curves for all modulation
schemes intersect. As a result, the EXIT trajectory cannot
exceed the intersection point, indicating that the MUD
performance does not improve even as the number of IDD
iterations T increases. These observations are consistent with
the BER performance shown in Figs. 3(d)-(f), where the
performance improvement saturates around BER = 1072
at the specified SNR points. In contrast, the EXIT charts
for EP-based IDD shown in Figs. 12(d)-(f) reveal that a
tunnel remains open between the EXIT curves of Modules
A and B, allowing the EXIT trajectory to reach around
Is = 1. These results align with the BER performance in

8This phenomenon occurs because, as the detection problem becomes
more challenging, the SC/MMSE detection accuracy deteriorates, leading to
a growing discrepancy between the ideal behavior assumed when plotting
the EXIT curves and the actual iterative behavior traced by the EXIT
trajectory.
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(f) EP-based IDD, 256QAM at SNR = 21 dB.

Figs. 3(d)-(f); specifically, in Fig. 3(d), MUD achieves a
BER below 1073, while in Figs. 3(e) and (f), nearly error-
free MUD performance is achieved.

Fig. 13 presents the EXIT chart for a highly spatially
loaded MIMO configuration, specifically for the (N, M) =
(32, 32) setup, which corresponds to the BER performance
shown in Fig. 3(g)-(i). From these results, similar insights
to those in Fig. 12 can be drawn. Although the consistency
between the EXIT curves and the EXIT trajectory is reduced
under this highly spatially loaded configuration, it remains
feasible to validate the effectiveness of symbol-domain
extrinsic value generation via MM in EP-based IDD.

The results presented above substantiate the findings
derived from the BER performance comparisons. It is
evident that an increase in modulation order and spatial load
enhances the robustness and effectiveness of the iterative
process involved in the exchange of extrinsic values within
EP-based IDD, in contrast to turbo equalization.

V. EVALUATION UNDER CORRELATED CHANNELS
Finally, to compare the two IDD algorithms under more
realistic channel conditions and to validate the robustness
of the proposed framework of EXIT chart analysis, we
conducted numerical simulations over correlated MIMO
channels, where spatial correlation exists among the fading
coefficients.

A. CHANNEL MODEL

We adopted the well-known Kronecker model [18] to
represent spatial correlation and evaluated the signal detec-
tion performance in correlated MIMO channels. Under
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(d) EP-based IDD, QPSK at SNR = 5 dB.

FIGURE 13. EXIT chart analysis for (N,M) = (32,32).

this model, the MIMO channel matrix H; in (1) can be
expressed as

/2,4 pl/2
Hi = RYSGIRY, 1)
where each element of G, € CN*M representing the small-

scale fading follows CN(0,1). Rgx € RY*N and Rrx €
RM*M  denote the spatial correlation matrices on the TX
and RX sides, respectively. In the uplink system assumed
in this paper, the TX antennas are uncorrelated, i.e., RTx =
Iy. Each element of Rrx is generated according to the
exponential decay model [67], as

Rrx = { b=y (22)

Pl
where p € [0, 1] denotes the fading correlation coefficient
between two distinct RX antennas on the BS side.

B. BER PERFORMANCE

Fig. 14 shows the BER performance as a function of SNR in
the large MU-MIMO-OFDM systems, where the correlation
coefficient is set to p = 0.6. The simulation parameters
are the same as those listed in Tab. 1 of Section III-G.
Since the SC/MMSE detector performs interference sup-
pression via matrix inversion, it is capable of gradually
improving detection accuracy through iterative processing,
even under correlated MIMO channels. However, beyond
the 4th iteration, the SC/MMSE turbo equalization—which
generates extrinsic values in the LLR domain—suffers from
a significant degradation in iterative gain as the modulation
order increases, due to increasing inconsistency with the
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consistency condition. In contrast, in the case of EP-
based IDD, extrinsic values are generated in the symbol
domain, enabling appropriate extrinsic value exchange even
in correlated MIMO detection. As a result, the impact of self-
feedback is effectively mitigated, and high iterative detection
gains are successfully maintained.

An interesting insight gained from these results is that,
while the overall trends are similar to those observed
in uncorrelated MIMO channels, the superiority of EP-
based IDD over SC/MMSE turbo equalization becomes
even more pronounced. This is because spatial correlation
among fading coefficients degrades the signal detection
capability of the SC/MMSE detector, leading to increased
residual interference and making it difficult to maintain the
independence among bit-wise LLRs. Thus, as the detection
problem becomes more challenging, EP-based IDD proves
to be an increasingly effective detection strategy.

C. EVALUATION VIA EXIT CHART ANALYSIS

Finally, the EXIT chart for the MIMO configurations
(N,M) = (32,16) and (32,24) with p = 0.6 are shown
in Figs. 15 and 16, respectively. Since the EXIT curves of
Module B are plotted under the assumption that interference
is ideally suppressed by the SC/MMSE detector and that the
output noise can be modeled as uncorrelated AWGN, some
mismatch between the EXIT curves of each module and the
corresponding EXIT trajectory can be observed compared
to the uncorrelated MIMO case. Nevertheless, the overall
shape of the EXIT curves reasonably captures the behavior
of the EXIT trajectory, and the analysis maintains sufficient
accuracy for characterizing the iterative behavior of EP-based
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FIGURE 14. BER performance versus SNR for various MIMO configurations with o = 0.6 and various modulation schemes.

IDD algorithms. These observations confirm the robustness
of the proposed framework.

Based on the above investigations, it has been demon-
strated that EP-based IDD can achieve significantly robust
performance across a wide range of modulation schemes,
MIMO configurations, and channel conditions. Moreover,
the proposed EXIT chart analysis has been validated as an
effective framework for accurately analyzing the iterative
behavior of EP-based IDD under practical system sizes.

VI. CONCLUSION

In this paper, we proposed a novel EXIT chart analysis
framework to investigate the convergence behavior of EP-
based IDD, specifically accommodating the extrinsic value
exchange mechanism via MM. Leveraging this framework,
we theoretically and numerically compared the extrinsic
value exchange mechanisms of SC/MMSE turbo equalization
and EP-based IDD, thereby clarifying their fundamental
differences. In SC/MMSE turbo equalization, extrinsic value
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generation is performed in the LLR domain via extrinsic
LLRs, whereas in EP-based IDD, it is performed in the
symbol domain via MM. The implementation of higher-
order modulation schemes complicates the maintenance of
the LLR consistency condition in turbo equalization, leading
to significant performance degradation. In contrast, EP-based
IDD, which considers the discrete constraints of the symbols
and matches both the first and second-order moments of
the message, demonstrated superior robustness in preserving
MUD accuracy. To analyze these observations, we extended
the classical EXIT chart analysis to accommodate EP-based
IDD. In particular, we appropriately addressed the MI loss
that arises during the conversion from bit-wise LLRs to sym-
bol estimates under high-order modulation, and detailed the
mathematical derivations necessary for accurately plotting
the EXIT curves. Comprehensive numerical simulations
were conducted across various conditions, including different
modulation schemes, MIMO configurations, and levels of
spatial correlation. The results confirmed the robustness and

5265



KOBAYASHI et al.: EXIT CHART ANALYSIS OF EXPECTATION PROPAGATION-BASED IDD

1 1 1
09} 0.9 09}
0.8 0.8 081
0.7 0.7 0.7
0.6 0.6 0.6
0.5 <05 0.5
0.4 0.4 0.4
0.3 1 0.3 0.3
0.2 Module A 4 0.2 Module A 0.2 Module A
0.1 Module B ] 0.1 Module B 0.1 Module B
—+—EXIT trajectory —+—EXIT trajectory —+—EXIT trajectory
00 0.1 02 03 04 05 06 07 08 09 1 00 0.1 02 03 04 05 06 07 08 09 1 00 0.1 02 03 04 05 06 07 08 09 1
Iy Iy Iy
(a) turbo EQ, QPSK, at SNR, = 1.5 dB. (b) turbo EQ, 16QAM, at SNR, = 8.5 dB. (c) turbo EQ, 256QAM, at SNR = 19 dB.
1 1 1
09} 0.9 p 09}
0.8 0.8 = 08
0.7 0.7 : > 0.7
0.6 0.6 0.6
0.5 <05 505
0.4 0.4 0.4
0.3 0.3 03F
0.2 Module A (Alg. 5) 0.2 Module A (Alg. 5) 02F Module A (Alg. 5)
0.1 ModuleB (Alg. 6) ] 0.1 Module B (Alg. 6) 0.1k Module B (Alg. 6)
—o—EXIT trajectory —o—EXIT trajectory —&—EXIT trajectory
00 0.1 02 03 04 05 06 07 08 09 1 00 0.1 02 03 04 05 06 07 08 09 1 00 0.1 02 03 04 05 06 07 08 09 1
Iy Is Iy
(d) EP-based IDD, QPSK, at SNR = 1.5 dB. (e) EP-based IDD, 16QAM, at SNR = 8.5 dB. (f) EP-based IDD, 256QAM, at SNR = 19 dB.

FIGURE 15. EXIT chart analysis for a correlated channel model with (N,M) = (32,16).
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FIGURE 16. EXIT chart analysis for a correlated channel model with (N,M) = (32,24).

validity of the proposed framework, offering new insights
into the design and analysis of EP-based IDD from a
semi-theoretical perspective. Based on all the above results, it
has been demonstrated that extrinsic value generation in the
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symbol domain, which accounts for the discrete constraints
of symbols, operates more robustly than extrinsic value
generation in the LLR domain, which is highly sensitive to
correlations among LLRs.
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