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Abstract

Low-resolution ADCs provide a power- and cost-efficient solution for large-scale MIMO systems in
next-generation wireless networks (B5G/6G, IoT). However, coarse quantization under high-order
modulation increases noise and interference, degrading signal detection performance. This paper
proposes a mixed-ADC architecture combined with superposition modulation to improve both perfor-
mance and spectral efficiency. A modified protograph-based EXIT (PEXIT) algorithm is developed to
characterize system behavior, incorporating MIMO fading, heterogeneous ADC resolutions, and LDPC
decoding effects. The method accurately predicts decoding thresholds across diverse antenna config-
urations and power allocation strategies. Simulation results confirm that the mixed-ADC approach
yields significant performance gains, especially in setups with a limited number of receive antennas.

Keywords: Large-scale MIMO; superposition modulation; protograph LDPC; low-resolution ADC;
message passing; PEXIT; iterative detection and decoding; 5G/6G; IoT

1. Introduction

LS-MIMO is a foundational technology in 5G and emerging 6G systems, offering high data
rates and reliable connectivity across diverse use cases [1-3]. However, scaling LS-MIMO systems
to hundreds of antennas presents a critical challenge due to the substantial power consumption
of numerous RF chains and high-resolution analog-to-digital converters (ADCs) [4,5]. A promising
solution is to replace traditional high-resolution ADCs with energy-efficient low-resolution alternatives
[5-11,13-15].

In this work, we propose an integrated detection-and-decoding framework for LS-MIMO systems
that combines superposition-based high-order modulation to improve spectral efficiency with a mixed-
resolution ADC architecture (supporting both dual and triple modes) to reduce power consumption.
At the receiver, a double-layer factor-graph detector is employed in conjunction with protograph-based
LDPC codes to enhance error-correction capability. An analytical framework is also developed to
evaluate system performance as a function of (i) MIMO array size, (ii) LDPC code structure, (iii)
superposition modulation coefficients, and (iv) the configuration of ADC resolutions, including
extremely low-, low-, and high-resolution chains.

Extensive research has investigated the effects of coarse quantization and hardware impairments
on system performance in MIMO systems [9,11,13-15]. Nguyen et al. [10] proposed learning-based
techniques that exploit parity-check redundancy or payload data to enhance robustness under imper-
fect or missing channel state information (CSI), demonstrating significant gains in low-resolution ADC
environments. Similarly, Gao et al. [9] applied deep learning for channel estimation in mixed-ADC
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architectures, where a small subset of antennas is equipped with high-resolution ADCs. Their method
uses high-quality observations to infer channel information for low-resolution antennas, achieving
strong performance even in the extreme case of 1-bit quantization.

In 5G New Radio, protograph LDPC codes serve as the primary channel-coding scheme, offering
flexible architectures across various block lengths and code rates to support eMBB and URLLC. Looking
ahead to 6G, their adaptability and high spectral efficiency make them well-suited for data-intensive
applications, including holographic telepresence and intelligent machine-to-machine communication
[27]. Therefore, this work adopts protograph LDPC codes for further investigation.

Moreover, superposition modulation (SM) is a non-bijective signaling method where multiple
binary antipodal symbols are linearly combined using predefined weighting coefficients. A serial
bitstream is first split into parallel branches, each bit mapped to +1, -1, scaled by real or complex
weights, and coherently summed to form a single complex-valued symbol for transmission [30]. SM
offers several advantages, notably improved spectral efficiency. For instance, multi-layer superposition
modulation (MLSM) based on multiple-slope-keying chirp-spread spectrum (MSK-CSS) has been
shown to enhance LoRa waveform throughput in IoT applications [31].

Recent studies highlight growing interest in mixed-resolution ADC architectures as an energy-
and cost-efficient solution for massive MIMO systems. Liu et al. [18] analyzed secrecy performance in
cell-free massive MIMO with mixed ADC/DACs, showing enhanced physical-layer security under
hybrid quantization. In radar, Wang et al. [19] proposed a PMCW MIMO radar using mixed-ADCs
for efficient angle-Doppler imaging with lower hardware cost. For extra-large MIMO, Liu et al. [20]
balanced resolution and performance to support massive access. In IRS-assisted mmWave systems,
robust channel estimation methods were developed to counter low-resolution ADC distortion [21,22].
Gao et al. [23] advanced detection and estimation in mmWave with mixed-ADC hardware. Elgabli et
al. [24] showed that combining multi-bit and one-bit ADCs achieves good performance-cost trade-
offs, while Zhao et al. [25] proposed a robust detection scheme for multi-user mixed-ADC MIMO.
Collectively, these works validate the versatility of mixed-ADC designs and motivate further research
into coding and modulation under hybrid quantization.

Motivated by the above observations, the present study targets mixed-ADC LS-MIMO configura-
tions, where more than two distinct resolution levels are employed to improve receiver performance
while keeping power consumption and complexity at a low level. A theoretical framework based
on an extrinsic information exchange algorithm is also derived for this newly proposed mixed-ADC
system to quantify its performance when the channel-coding stage employs capacity-approaching yet
computationally efficient protograph LDPC schemes. This paper presents a comprehensive design
and performance evaluation of energy- and bandwidth-efficient LS-MIMO systems that integrate
superposition modulation, protograph LDPC coding, and a triple mixed-ADC architecture. The key
contributions are as follows:

i) Mixed-ADC architecture for LS-MIMO with superposition modulation: We propose a practical
dual- and triple-resolution mixed-ADC front-end that partitions the receive antenna array into one-bit
(extremely low), two-bit (low), and five-bit (high) resolution groups. This configuration balances
power efficiency and performance, with high-resolution outputs compensating for the distortion from
low-resolution ADCs.

ii) PEXIT analysis for mixed-ADC superposition modulation: We develop a triple mixed-ADC
L5-MIMO PEXIT algorithm, extendable to dual or single low-resolution setups. It tracks mutual
information transfer across the joint detector-decoder graph and yields accurate iterative decoding
thresholds based on superposition weights, ADC resolution mix, antenna partitioning, and LDPC
protograph parameters. This framework guides the design of protograph LDPC codes optimized for
various resolution splits and high-order superposition modulation schemes (e.g., 64-ary, 256-ary).

The remainder of this paper is organized as follows: Section 2 introduces the protograph LDPC-
coded mixed-ADC LS-MIMO system with superposition modulation. Section 3 presents the modula-
tion model conversion and joint detection-decoding algorithm using a double-layer factor graph. The
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mixed-ADC LS-MIMO PEXIT algorithm is detailed in Section 4, followed by theoretical analysis in
Section 5. Section 6 provides simulation results that validate the analytical predictions. Finally, Section

7 concludes the paper.

2. System Model

Consider a MIMO system with N; transmit and N, receive antennas. Let b be an input bit
sequence of length K., encoded by a protograph LDPC encoder into a codeword ¢ of length N,. The
coded bits are then grouped into blocks of size 2G, where G = log,(M)/2 and M is the modulation
order. Each 2G-bit block is split into two G-bit parts: the in-phase (I) and quadrature (Q) components.
In the superposition modulation scheme, each bit U;; (for [ = 1,. .., G) is BPSK-modulated and scaled
by a factor aj; such that Zlc:l oc%/l = 0.5. The same process is applied to the Q channel using weights
ag, satisfying ZZG:1 alel = 0.5. The resulting M-ary superposition-modulated symbols are input into a
MIMO encoder using the V-BLAST architecture, where each of the N; antennas transmits a distinct
symbol, forming N; parallel data streams. These signals propagate through the MIMO channel and are
captured by N; receive antennas, as illustrated in Figure 1.
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Figure 1. Block Diagram of Transceiver in Protograph LDPC Coded MIMO Communication Systems with Low-
Resolution ADCs: (a) Transmitter uses superposition high-order modulation scheme for bandwidth efficiency. (b)
Receiver has three sets of low-resolution ADCs to cut down the power consumption.

We represent this communication channel by the following equation:

R=HX+W (1)

where

e X e CNe¥1 denotes the transmitted MIMO codeword,
e H e CN*Ni represents the channel matrix,
e W € CN¥1 s an additive white Gaussian noise (AWGN) vector with zero mean and variance Nj.

e R € CN*lisareceived signal vector.

Assume each modulated symbol S[m] (for m = 1,...,N;) is directly mapped to the corresponding
entry X[m] in the MIMO codeword X, with normalized average symbol energy Es = E[||X||?] = 1.
The channel matrix H has i.i.d. entries H[n, m] ~ CN(0,1). Perfect channel state information (CSI) is
assumed at the receiver, but not at the transmitter.
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By employing the superposition modulation scheme illustrated in Figure 1, the transmitted
symbol X[m] can be written as

G G
X[m] =Y oy Viglm] + j ) agi Volm], 2)
1=1 =1

where a1 ; and a represent the superposition (power) allocation factors for the in-phase and quadra-
ture components, respectively, and V;;[m] and V(,[m] are the BPSK-modulated symbols on each
branch. Here, j denotes the imaginary unit.

In this work, we adopt three types of ADCs: one-bit (extremely low-resolution), two-bit (low-
resolution), and five-bit (higher-resolution), as illustrated in Figure 1. The use of one- and two-bit
ADCs is motivated by their energy efficiency, as shown in [4], while five-bit ADCs are chosen for the
high-resolution tier based on [28], which demonstrates that they offer performance comparable to
full-resolution converters. This forms a triple mixed-ADC architecture. The framework can be readily
adapted to a dual mixed-ADC setup by merging the low and extremely low tiers, or to a uniform
single-resolution design by assigning one-bit ADCs to all tiers.

The received signal vector R is composed of three sub-vectors: Ry, of length Ngp, Ry, of length Ny,
and Ry of length Ny = N, — Np, — Ngp.. These correspond to the signals arriving at the extremely low-
resolution, low-resolution, and high-resolution antenna sets, respectively. We can therefore decompose
the received signal vector R into these three sub-vectors as follows:

R; =H:X+Wg &€ {ElLH}. 3)
3. Receiver Design

3.1. Analog-to-Digital Conversion Model

Let Q(+) denote the quantization function. The relationship between the input and output of the
Qe-bit ADC is given by

Y: = Q(Rgre) + jQ(Rgim), (4)

where Rg . and Rg i, denote the real and imaginary parts of the received signal Rg, respectively.
Under the AQNM framework, the relationship between the quantizer input and output in (4), can be
described mathematically as follows [4]:

Yg = @¢ Ré + Wg/q; (5)

where ¢ is the quantizer gain factor, and W and ®@; denote the corresponding additive quantization
noise vectors. The gain factor is given by ¢z = 1 — pz, where p; represents the inverse signal-to-
quantization-noise ratio for the one-bit ADCs. In this work, we employ uniform quantizers [38] where
the values of ¢; given in Table 1, though the following analysis can also be extended to non-uniform
quantizers.

Table 1. Optimal Values of T, § € {EL, L, H} for different ADC resolution levels [28].

Resolution 1 2 3 4 5
Tz 1.669 | 2.0912 | 2.4613 | 2.7909 | 3.0285
P 0.6261 | 0.8796 | 0.9628 | 0.9885 | 0.9936

In the pre-processing module, the higher-order modulation is effectively mapped to an equivalent
BPSK format, allowing the belief propagation detection algorithm to operate on the double Tanner
graph [13],[29]. This strategy highlights a crucial benefit of superposition modulation in massive
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MIMO systems with high-order constellations, as it reduces the detector complexity for the MIMO
signal. To do this, a concise representation of the transmitted MIMO symbol is given by [12]:

SN |

Here, ag and &, both of size N; x G, contain the superposition coefficients associated with the in-phase
and quadrature channels, respectively. The quantized received signal vector is written as

Ye = ¢ He Ve + We (7)

By definition, the vector V; contains 2 X N; x G entries, each drawn from a BPSK constellation
{-1,+1}.

As shown in Figure 2, the detection graph consists of N, observation nodes (one per receive an-
tenna) and Nz ; = 2 X G X N; binary symbol nodes. In the triple mixed-ADC setting, observation nodes
are divided into three groups: Ngp, one-bit (extremely low-resolution), Ny, two-bit (low-resolution),
and Ny five-bit (higher-resolution) nodes. All observation nodes are fully connected to the symbol
nodes due to the broadcast nature of wireless transmission. Through these connections, reliability
information from higher-resolution nodes is propagated across the graph, helping to improve the
estimates at lower-resolution nodes over iterations. This structure highlights how a small number of
high-resolution ADCs can significantly boost performance in mixed-ADC systems.

Check node

Symbol node
/ Variable node

Observation node

Extreme Low-resolution High-resolution
Low-resolution

Figure 2. Double-Layer Graph for Mixed ADC Receiver: The lower layer handles MIMO signal detection using
three separate sub-graphs—one for each ADC resolution level (extremely low, low, and high). The upper layer
performs message passing for channel decoding.

In the iterative joint detection and decoding algorithm, five distinct message types are exchanged
over the graph:

* L,¢[ngm],¢ € {EL, L, H}: the message passed from the ng-th observation node to the m-th
symbol node.

*  Ly[np, nyl: the message passed from the 1,-th variable node to the 7,-th check node.

*  Ly[ng, npl: the message passed from the n,-th check node to the 1,-th variable node.

*  Lgg[m, ng]: the message passed from the m-th symbol node to the n¢-th observation node.

*  Ly[m]: the a posteriori log-likelihood ratio (LLR) of the symbol V[m].

In the following, we brieftly describe the workings of the message-passing joint detection and
decoding receiver, which includes a soft symbol cancellation mechanism as in [12].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.1.1. Message Passed from Observation Nodes to Symbol Nodes
Pr(Yz[ng, m] | Hg, Ve[m] = +1) 4 . .
Ly[ng,m] =1In — £ ¢ v =g - N(H; [ng, m]Ye[ng, m]). ®)
Pr( g[ng, m] | Hg, Vg[m] =-1) elng, m]
where
A Nt,g A
t=1,t#m

Here Y[ng, m] represents the received signal for Vz[m] at the n;-th observation node after the interfer-
ence cancellation step and Vg [ng, m] is given in the equation below:

Vc[ng, m| = tanh(Lﬁ[n;’ng]), (10)

By treating the residual interference as additive Gaussian noise, the power of the combined
residual interference and noise term Z¢[ng, m] can be calculated as

Nt,ér
Yelng,m) = @7 Y., [Helng, (1 — | Velng, £]*) + 9z No + (11)
t=1,t#m

Nt,,;
¢z(1— o) ( Zl |He[ng, m]|* + No) .

3.1.2. Message Passed from Variable Nodes to Check Nodes

The np—th variable node receives messages from two sources: the N, observation nodes in the
MIMO detection graph and the check nodes in the LDPC decoding graph. The extrinsic message it
sends to the n,-th check node is the sum of all incoming messages, excluding the one from the n4-th
check node. Hence, we obtain

La [npr nl]] = Z Z L’y,@' [T’lt, np] + Z Lb [nt/ ”p] . (12)
Ge{ELLH} n€S,¢(np) teSc(np)\ng

Here, S¢(n,) is the set of check nodes that connect to the 1,-th variable node, while S, ¢(1,),¢ €
{EL,L, H} denotes the set of observation nodes that connect to the m-th variable node.

3.1.3. Message Passed from Check Nodes to Variable Nodes

The message passed from the 7,-th check node to the n,,-th variable node follows the standard
message-passing algorithm [44], and is given by

1—eLalneng]
L= TIneSotng)\ny 7 oTabml eLalig]
]
]

Ly [nq, np] =1In (13)

176L,;[nt,nq :
1+ Hntesv(nq)\np 1+6Lg[nt,nq

Here, Sv(nq) denotes the set of variable nodes connected to the 74-th check node. In practice, the
computation of Ly[ng, 1,] may be simplified by leveraging the tanh(-) function.

3.1.4. Message Passed from Symbol Nodes to Observation Nodes

As previously described, the m-th symbol node receives messages from both observation and
check nodes. The extrinsic message it sends to the nz-th observation node includes all incoming

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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messages except the one from the nz-th node. Thus, the message from the m-th variable node to the
ne-th observation node is given by

L,B,C[mr TIT] = Z Z L«r[t, TTZ] + Z Lh [nt, Tlp] — L%C[Tlg, m], (14)
Ge{ELLH} teS, ¢ (m) €S (np)

where S, #(m) and S¢(n,) denote the sets of observation nodes and check nodes, respectively, that
connect to the m-th symbol node.

3.1.5. A Posteriori Messages of Codeword Bits

The posterior LLR for the m-th transmit symbol at the conclusion of each iteration is the combined
sum of messages from both the observation nodes and the check nodes, expressed as

Lr[m] = Z Z L, ¢lng, m] + E Ly[ng, np). (15)
Ge{ELL,H} neS, ¢ (m) 1g€Sc(ny)

Next, the a posteriori LLR is passed to the hard-decision device to generate the decoded version of
the codeword bit, following the rule:

N 0, Lr [m] > 0;
= 16
€lm] { 1, Otherwise. (16)

where ¢[m] represents the decoded version of c[m]. Consequently, the decoded information sequence
b is obtained.

4. Modified PEXIT Algorithm for Triple Mixed ADCs

We build upon the classic PEXIT algorithm framework [13,29,45,46] and propose an adaptation
tailored for mixed-ADC LS-MIMO systems. Originally proposed for SISO AWGN channels [45], it was
later used to design robust codes for AWGN [47] and extended to fading channels [46]. We present in
the following section a new variant of the PEXIT algorithm designed specifically for LS-MIMO systems
employing mixed-ADCs at the receiver, combined with a joint detection and decoding framework.

The mutual information flow of the joint detection-decoding receiver is illustrated in Figure 3
and Figure 4, based on a simplified version of the double-layer graph in Figure 2. For analysis,
variable and symbol nodes are separated and linked by a forward combiner (forward flow) and a
backward combiner (backward flow). The MIMO component includes Ngj, one-bit, N, two-bit, and
Ny five-bit observation nodes, along with Nz; = 2N;G symbol nodes and Ng; x N, edges. This
structure is replicated I1 times (equal to the number of channel uses) in the full double-layer graph.
The LDPC decoding component consists of Np variable nodes, Ng check nodes, and edges defined by
the proto-matrix B € ZfQ XN , where Bn, np] specifies the number of edges connecting check node
14 to variable node 7.

We define nine main types of mutual information, corresponding to the nine extrinsic messages
on the double-layer graph in Figure 2, on the joint MIMO detection and LDPC protograph decoding

graph, as follows:

* I, [ng,m]is the extrinsic mutual information between the LLR value 7 [z, m] sent by the ng-th
observation node to the m-th variable node and the m-th corresponding coded bit.

e Iy[np,ngl is the extrinsic mutual information between the LLR value a[np, n;] sent by the n,-th
variable node to the n,-th check node and the 7,-th corresponding coded bit.

*  Iy[ng, npl is the extrinsic mutual information between the LLR value b[n,, 1] sent by the n,-th
check node to the 7,-th variable node and the 1,-th corresponding coded bit.

o g [m, ng] is the extrinsic mutual information between the LLR value B¢[m, n¢] sent by the m-th
symbol node to the nz-th observation node and the m-th corresponding symbol.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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e Ir[ny] is the posteriori mutual information between the a posteriori LLR value I'[n,] and the
corresponding codeword bit of the ,-th variable node.

Let P, denote the puncturing label of the 1,-th variable node, where P, = 0 if the node is punctured
(i-e., its codeword bit is not transmitted), and P, = 1 otherwise.

LDPC
Decoding
Graph

L[1] Ly[2]

MIMO

petetn < :

Low-resolution Low-resolution High-resolution

Figure 3. Forward information flow.

LbpPC
Decoding
Graph

MIMO
Detection
Graph

Extremely . :
Low-resolution Low-resolution High-resolution
-

-

Figure 4. Backward information flow.

4.1. Forward Mutual Information Flow

The forward mutual information flow, illustrated in Figure 3, traces the propagation of extrinsic
information from observation nodes through symbol and variable nodes to check nodes. We present
the corresponding mutual information functions, adapted from the single-ADC scheme in [12] to the
mixed-ADC setting, highlighting the interaction between low- and high-resolution ADC subgraphs.

4.1.1. Mutual Information from Observation Nodes to Symbol Nodes

The m-th symbol node receives Ngi, N1, and Ny LLR messages from the respective one-bit,
two-bit, and five-bit observation nodes, reflecting the broadcast nature of wireless transmission as
shown by the fully connected graph in Figure 3. The mutual information from the ng-th observation
node to the m-th symbol node is given by

8 9% |Hg[ng,m]|?

Ly [ng,m] = f( W) ¢ €{EL,L,H}, (17)
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where the function J(x) is defined in [44].

4.1.2. Mutual Information from Symbol Nodes to Variable Nodes

The m-th symbol node collects a total of N, = Ng; + N, + Ny messages from the Ngj, extremely
low-resolution observation nodes, the Ny, low-resolution observation nodes and the Ny high-resolution
nodes, as depicted in Figure 3. The extrinsic mutual information I, [n] is obtained by the following

N, 2 ng, m)|?
I,[m] = ]<\l 2 i WH) (18)

¢e{EL,LH} ng=1 Yelng, m]

equation:

Assuming an infinite code length (N, — o0), each variable node bit is equally likely to be
transmitted over any of the Ng; symbol nodes. Thus, the forward combiner aggregates mutual
information from all symbol nodes and passes it to the variable nodes. Let I, denote this average
mutual information. We have

1 N
L=— Y L[m], (19)
Y Ni:,t mgl ’Y[ ]

where I, [m] is given in (18).
Hence, the channel mutual information passed from the symbol nodes to the n,,-th variable node
is expressed as

Ify[np] - Pp If)/, Vp - 1,2,...,NP, (20)
where P, = 1 if node n,, is unpunctured, and P, = 0 otherwise.

4.1.3. Mutual Information Flow from Variable Nodes to Check Nodes

The expression for the mutual information transferred from the 7,-th variable node to the n4-th
check node, I,[n,, n4], is identical to that of the conventional PEXIT algorithm in [45] and given by

tlng] = 1 (U Bl P+ 3], o)
where

gl = Y. Bl (T[ne, np)))?,
neNe(np)\np

where [ ~!(x) is given in [44].

4.2. Backward Mutual Information Flow

The backward mutual information flow traces the path along which the extrinsic mutual informa-
tion travels from the check nodes, passing through the variable and symbol nodes, and finally reaching
the observation nodes, as illustrated in Figure 4. In what follows, we derive the mutual information
functions that propagate in the backward direction.

4.2.1. Mutual Information Flow from Check Nodes to Variable Nodes

The process of determining the mutual information that flows from the g-th check node to the
p-th variable node parallels that of the conventional PEXIT algorithm in [45]. We have I[n,, 1]

Iy [”qr”p] =1- I(Ua [”q])/ (22)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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where

Ug[”q] = 2 B[n,, ne[J1(1 = Li[ne, ”qmz-
n €Ny (ng)\np

4.2.2. Mutual Information Flow from Variable Nodes to Symbol Nodes

Let I [n,] denote the total mutual information that the 1,-th variable node receives from the check
nodes. We can express the total mutual information as below

Ling = Y. Ingmy). (23)
ng€Nc(np)

Under the same infinite code length assumption, the probability that any symbol node transmits
a codeword bit originating from the 7,-th variable node is 1/ (Zyﬁ 1 Py). Consequently, the backward
combiner aggregates the mutual information across all variable nodes before forwarding it to the
symbol nodes. The average mutual information from the variable nodes to the symbol nodes is thus
given by

N,
anzl Pply [”p]
I, = — N (24)
) Py

np=1

4.2.3. Mutual Information from Symbol Nodes to Observation Nodes

The mutual information conveyed from the m-th symbol node to the ng-th low-resolution
observation node, I, [m,ngp), is calculated as

lpeofmnec] = ([0, ]+ 02, fm] + 03, [m] +f), (25)
where
2= T U P Y Rl -
m€NELo(m)\ngr m€NEL o (m)\ngr

8¢ | Hr [, m]|?
Yer[ns, m]

m€NELo (m)\ngr

The mutual information transferred from the m-th symbol node to the 1 -th low-resolution observation
node, Ig, [m,ng), is calculated as

Ig, [m,np] = ](\/ng [m] + 02, [m] + 02, [m] + Ug), (26)
where

Zm= ¥ U MnbmDP= Y o [mm) =
mENLo(m)\ 11 €N (m)\ny,

y  SeilHimm]?

teNptm\m, L]

The mutual information transferred from the m-th symbol node to the np-th high-resolution observa-
tion node, Ig,, [m, ny], is calculated as

Ig, [m, ny] = ](\/U“ZYE [m] + 02, [m] + 02, [m] + crg), (27)
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where

2. [m] = Y U Iyl m)))? = Y o lnm] =
m€Np,o (m)\ny m€Np,o (m)\ny
8¢ | Hp [, m]|

Yy [ng, m]

2

e €Np,o(m)\ngy

Equations (25)—(27) illustrate the interaction between extremely low-, low-, and high-resolution
ADCs. Due to the fully connected graph, mutual information from high-resolution nodes enhances
that of low-resolution nodes via symbol nodes, and vice versa. This mutual reinforcement is key to
improving mixed-ADC LS-MIMO performance, as demonstrated in the following sections.

4.3. The APP Mutual Information
Calculate Ir[n,] for the n,-th variable node

i) = 1 (/U el + o)), 28)
where
Ug[”p] = Z B[”tr"p][ffl(lb[”t/ ”pmz-
€N (np)

4.4. Modified PEXIT Algorithm for Triple Mixed ADCs

The proposed PEXIT procedure is derived by integrating the mutual information functions from
the earlier subsections with the parameters of a specific MIMO setting, N; X N, the proto-matrix size
B of dimension Ng x Np, the channel parameter E; / Ny, and the resolution levels of the triple-mixed
ADCs, Qg1, Qr, and Qp. The resulting mixed-ADC LS-MIMO-PEXIT algorithm is outlined as follows:
o Step 0: Initialization:

- Select the size of proto-matrix: B

- Calculate the coding rate: R, = NIEI; -
np=1Lp

- __ M

—  Calculate Ny = R(Ey/Np)

- Obtain the values of ¢g;, ¢1, and ¢p from Table 1 accordingly their resolution levels Qf;,
Qr and Qp, respectively

- Set IﬂEL =0, IﬂL =0and I,BH =0

- Generate 3 x F LS-MIMO channel realization matrices {Hgz 1, Hgp, - - - ,Hgp}, ¢ € {EL, L, H}
which follow Rayleigh distribution

—  Set the parameters for the superposition modulation to M, calculate G = log,(M)/2

- Setvaluestoayi,arp, - -, &G

- Setvaluestoagi,40p, * , %06

. Step 1: Preprocessing

- PForming matrices ff; and ff,
- Foreach f =1,2,---,F, calculate Hér,f

o Step 2: Observation to variable update
- Forf=12---,F
+ Form=1,2,--- ,Ngpand ng = 1,2,--- ,Ng, & € {EL,L,H}
Calculate 0g, = ]‘1(155)
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Generate Bz ¢[m, ng] ~ N(i % aég)
Estimate soft information V[, ng] = tanh (M)
Calculate Y¢ ¢[ng, m] by using formula (11).
*+ Form=1,2,---,M
Calculate I, [m] by using formula (18)

—  Calculate the average of I, s over all the channel realizations
1 E
L[m] = fle L f[m],¥m =1,2,- -, Ng;.

- Forny,=1,2,---,Np, calculate I,[n]

1N
In[ny] = Py N_t:i Zl Ly [m]
4om=

Note that if the n,-th variable node is punctured, then P, = 0. Otherwise, P, = 1.
o Step 3: Variable to check update
- Forny=1,2,--- ,Npand n; = 1,2,---, Np, calculate I,[n,, ng]:
+ if B[ny, ng| # 0, Iz[np, ny] is then calculated by using formula (21)
+  If B[np,ng] =0, I[np,ng] = 0.
o Step 4: Check to variable update
- Forn;=1,2,--- ,Ngandn,=1,2,--- ,Np
+  if B[ng,ny| # 0, Iy[ng, np] is then calculated by using formula (22)
+  If B[ng,np] =0, Iy[ng, np] =0
e  Step 5: Symbol to observation update
- Forf=1,2,---,F
+ Form=1,2,--- ,Ngyand ngp =1,2,- -+, N, IﬁEL,f[m, ngr] is then calculated by using
(25)
+ Form=1,2---,Ngsandny =1,2,---,Np, IﬁL,f[m, np] is then calculated by using (26)
+ Form=1,2,--- ,Ngyandny =1,2,--- , Ny, IﬁHf[m,nH] is calculated by using formula
(27)

- Form=1,2,--- ,Ngpand ngp = 1,2,--- , Ngg,
Ig, [m, ngL] Z I,BELf m, nEr]
- Form:llzl"'/Né,tandnL:]vz/“'/NL
1 F
I‘BL m, 1’lL ? Z I,BLf m,nL

- FO””:LZ,-~,Ng,tandnHZLZ,‘--,NH

F
Il_o,HTI’lTlH Z.BHfmnH
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e  Step 6: APP-LLR mutual information calculation

- Forny, =1,2,---,Np, Ir[n,] is then calculated by using formula (28)
*  Step 7: Repeat Step 1 - Step 6 until Ir[n,] =1,Vn, =1,2,---,Np.

The proposed PEXIT algorithm reaches convergence when the chosen E;, / Ny surpasses the thresh-
old. Hence, the threshold (E,/Np)* is the minimum E;, /N value at which the mutual information
between the APP-LLR messages and the associated codeword bits converges to 1.

The proposed mixed-ADC PEXIT algorithm differs from its uniform low-resolution [13] and
dual mixed-ADC [50] counterparts in all steps except Step 3. It explicitly accounts for the interaction
among extremely low-, low-, and high-resolution ADCs when computing mutual information along
the double-layer graph. In the next section, we apply this algorithm to evaluate LS-MIMO performance
with mixed-ADCs using two existing protograph LDPC codes. The resulting decoding thresholds
highlight the potential advantages of the triple mixed-ADC approach.

5. Theoretical Performance Analysis

In this section, we use the proposed Mixed-ADC-LS-MIMO PEXIT in the previous section to
calculate the iterative decoding threshold of a specific protograph LDPC codes: the one in (29) was
designed for LS-MIMO channel [29] and the other in (30) was constructed for AWGN channel [51].
The proto-matrices of the codes are given in (29) and (30). We use the PEXIT algorithm as a powerful
tool to theoretically analyze the performance gain between the equal distance and equal weight
superposition modulation schemes. Importantly, we demonstrate the significant advantages of mixed-
ADC architectures over single-resolution ADC systems.

3101001 23010100

Bexz=12 1 2 2 1 0 (29) Bg.q = (30)
321010 32100211
00222021

Figure 5. Protograph LDPC code base matrices: (a) Base matrix Bgy3 designed for LS-MIMO channels; (b) Base

matrix Bg, 4 designed for AWGN channels.

We evaluate a 10 x 40 MIMO system with a 6 x 3 code structure under four ADC configurations:
single 1-bit, dual mixed (N = 35, Ny = 5), triple mixed (Ng, = 25, N, = 10, Ny = 5), and single 5-bit
ADCs. Table 2 compares their decoding thresholds for equal distance and equal weight superposition
modulation (SM) schemes. Notably, equal weight SM consistently outperforms equal distance SM,
offering 1 dB lower thresholds across all cases. This gap narrows slightly with higher ADC resolution,
dropping from 1.19 dB (1-bit) to 0.97 dB (5-bit). Transitioning from a single 1-bit ADC to dual or triple
mixed-ADC setups significantly reduces thresholds—by over 1.15 dB and 1.03 dB for equal distance
and equal weight SM, respectively. However, the triple mixed-ADC system still lags behind the 5-bit
baseline by 1.66 dB (equal distance - ED) and 1.76 dB (equal weight - EW), raising the question of
optimal resolution partitioning to balance power and performance.

Table 2. Decoding thresholds for 6 x 3 code under 10 x 40 MIMO with various ADC setups.

Resolution ED | EW | Gap
Single 1-Bit ADCs | 1.34 | 0.15 | 1.19
Dual Mixed ADCs | 0.77 | -0.34 | 1.11

Triple Mixed ADCs | 0.19 | -0.88 | 1.07
Single 5-Bit ADCs | -1.57 | -2.54 | 0.97

Table 3 presents results for a 10 x 60 MIMO system using a 6 x 3 code under four ADC configura-
tions: single 1-bit, dual mixed (N = 40, Ny = 20), triple mixed (Ng, = 40, N, = 10, Ny = 10), and
single 5-bit ADCs. As with the 10 x 40 case, equal weight superposition modulation (SM) consistently
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outperforms equal distance SM, with threshold gaps ranging from 0.99 to 1.12 dB across all modes.
Both dual and triple mixed-ADC setups again show significant gains over the single 1-bit ADC baseline.
For example, in the equal distance SM case, the triple mixed-ADC achieves a threshold of —1.72 dB,
compared to —0.79 dB for the single 1-bit ADC—a 0.93 dB improvement.

Table 3. Decoding thresholds for 6 x 3 code under 10 x 60 MIMO with various ADC setups.

Resolution ED | EW | Gap
Single 1-Bit ADCs | -0.79 | -1.91 | 1.12
Dual Mixed ADCs | -1.39 | -2.46 | 1.07

Triple Mixed ADCs | -1.72 | -2.77 | 1.05
Single 5-Bit ADCs | -3.35 | -4.34 | 0.99

Table 4 presents decoding thresholds for the 8 x 4 protograph code—originally designed for
AWGN—under the same 10 x 40 MIMO configuration used for the 6 x 3 LS-MIMO code. The overall
trends mirror those in Table 2: equal weight superposition modulation (SM) consistently outperforms
equal distance SM, and both dual and triple mixed-ADC setups yield clear gains over the single
1-bit ADC. However, the 8 x 4 code shows consistently higher thresholds across all resolutions. For
example, the equal distance SM threshold with single 1-bit ADCs rises from 1.34 dB to 1.68 dB. These
results highlight that while performance trends remain consistent, codes tailored to LS-MIMO channels
achieve lower thresholds, underscoring the importance of channel-specific LDPC code design.

Table 4. Decoding thresholds for 8x4 code under 10x40 MIMO with various ADC setups.

Resolution ED | EW | Gap
Single 1-Bit ADCs | 1.68 | 0.41 | 1.27
Dual Mixed ADCs | 1.09 | -0.09 | 1.18

Triple Mixed ADCs | 0.49 | -0.64 | 1.13
Single 5-Bit ADCs | -1.29 | -2.33 | 1.04

Table 5 shows the decoding thresholds of the 8 x 4 protograph code under the 10 x 60 MIMO
setup. While the threshold trends remain consistent—improving with mixed-ADC architectures and
equal weight SM—the absolute values are higher than those of the LS-MIMO-optimized 6 x 3 code.
For example, in the single 1-bit ADC case, the equal distance SM threshold is —0.47 dB, compared to
—0.79 dB for the 6 x 3 code (Table 3), reflecting a 0.32 dB performance gap. This further confirms that
codes designed for LS-MIMO channels yield better thresholds under identical conditions.

Table 5. Decoding thresholds for 8x4 code under 10x60 MIMO with various ADC setups.

Resolution ED | EW | Gap
Single 1-Bit ADCs | -0.47 | -1.66 | 1.19
Dual Mixed ADCs | -1.09 | -2.22 | 1.13

Triple Mixed ADCs | -1.43 | -2.54 | 1.11
Single 5-Bit ADCs | -3.08 | -4.12 | 1.04

6. Simulation Results

This section presents extensive simulations to validate the theoretical decoding thresholds from
the previous section. The setup mirrors earlier experiments, using two MIMO configurations (10 x 40
and 10 x 60) and two protograph LDPC codes defined by proto-matrices (29) and (30). Each code has
a total length of 2400 bits, constructed via two lifting steps. First, the protograph (with 3 check nodes
and 6 variable nodes) is lifted by a factor of 4 using the PEG algorithm [52] to eliminate parallel edges.
The second lifting factor is 100, yielding an information block length of 1200 bits. The final LDPC code
is formed using circulant permutation matrices using PEG-based selection to eliminate short cycles in
the lifted graph.
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To begin with, Figure 6 presents the BER performance of various ADC configurations under both
equal weight (EW) and equal distance (ED) superposition modulation, using the protograph LDPC
code defined by the 6 x 3 proto-matrix. The results were obtained for a 10 x 40 MIMO system operating
with 16-ary superposition modulation. These simulation results are consistent with the theoretical
predictions outlined in Table 2. Notably, the EW superposition modulation consistently outperforms
its ED counterpart across all ADC setups, with performance gains ranging from approximately 1.0 to
1.8dB at a BER of 10~°. This performance advantage aligns closely with the decoding threshold gaps
reported in Table 2, where EW modulation showed lower thresholds for all configurations.

~—E— EW 1-bit ADCs
~—O~ ED 1-bit ADCs
=+ EW Dual Mixed ADCs
=== ED Dual Mixed ADCs
=3 EW Triple Mixed ADCs
==¥="ED Triple Mixed ADCs
EW 5-bit ADCs
ED 5-bit ADCs

Figure 6. BER Performance: Protograph LDPC Code of Size 6 x 3 (29), Code Length 2400 bits, MIMO 10 x 40,
16-Ary Constellation, 1-5 bit ADCs.

In terms of ADC architecture, the triple mixed-ADC configuration (comprising 25 1-bit, 10 2-bit,
and 5 5-bit ADCs) achieves a 1.8 dB BER performance gain over the single 1-bit system. The dual
mixed-ADC setting also demonstrates a marked improvement over the single one-bit configuration
but exhibits slightly inferior performance compared to the triple mixed-ADC scheme. The simulation
results confirm that the proposed mixed-ADC receiver design achieves a strong trade-off between
performance and energy efficiency, as predicted by the PEXIT-based theoretical analysis. Specifically,
the triple mixed-ADC system with EW modulation operates within 1.8 dB of the 5-bit baseline, while
the 1-bit system has a gap of more than 3 dB to the 5-bit ADCs, thus validating the effectiveness of the
mixed ADC deployment in LS-MIMO systems. It is also observed that the performance gap between
equal weight and equal distance superposition modulation decreases as the ADC resolution increases.
This trend is evident in both the theoretical decoding thresholds (Table 2) and the BER simulation
results (Figure 6), indicating that higher-resolution ADCs reduce the relative benefit of optimal SM
weighting due to improved quantization precision.

Figure 7 illustrates the BER performance for the protograph LDPC code defined by the 6 x 3
proto-matrix under a 10 x 60 MIMO system with a 16-ary superposition modulation scheme. As
observed in the previous configuration (Figure 6), the equal weight (EW) superposition modulation
consistently outperforms the equal distance (ED) counterpart across all ADC configurations. This
trend holds true for single 1-bit ADCs, dual mixed ADCs, triple mixed ADCs, and full-resolution 5-bit
ADCs, further confirming the robustness of EW modulation in various quantization environments.
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3

T T
—E— EW 1-bit ADCs
= ED 1-bit ADCs
=4 EW Dual Mixed ADCs
= 4= ED Dual Mixed ADCs
=¥ EW Triple Mixed ADCs
= M= ED Triple Mixed ADCs
EW 5-bit ADCs
- ED 5-bit ADCs

Figure 7. BER Performance: Protograph LDPC Code of Size 6 x 3 (29), Code Length 2400 bits, MIMO 10 x 60,
16-Ary Constellation, 1-5 bit ADCs.

While the performance advantages of mixed-ADC architectures are evident, practical considera-
tions such as hardware cost and power consumption must also be accounted for. One-bit and two-bit
ADC:s are significantly cheaper and more energy-efficient than five-bit ADCs, which often require
complex calibration and consume higher power. Therefore, the triple mixed-ADC design offers a
compelling trade-off—delivering near-optimal decoding performance while substantially reducing
implementation cost and power usage compared to uniform high-resolution ADC systems.

More notably, by increasing the number of receiver antennas from N, = 40 to N, = 60, the system
experiences a substantial improvement in BER performance across all configurations. The decoding
curves for all ADC architectures shift leftward by approximately 2—4 dB, indicating that additional
spatial diversity from more receive antennas enhances the detection capability and effectively compen-
sates for quantization noise. This improvement is particularly evident in the low-resolution settings,
where the 1-bit ADC system with ED modulation now operates at 0.4 dB for a BER level of 10~ in the
10 x 60 MIMO configuration, compared to 4 dB in the 10 x 40 MIMO configuration.

To demonstrate the performance of the LS-MIMO code and the AWGN code, Figures 8 and 9
illustrate the BER performance of the 8 x 4 protograph LDPC code, originally designed for AWGN
channels [51], under various MIMO setups and ADC configurations. While the code differs structurally
from the 6 x 3 protograph used in Figures 67, the performance trends remain broadly consistent.
Specifically, the benefits of equal weight (EW) over equal distance (ED) superposition modulation are
clearly observed across all receiver configurations. Likewise, mixed-ADC architectures continue to
demonstrate significant gains over the baseline single 1-bit ADC setup, and increasing the number of
receive antennas from N, = 40 to N, = 80 results in a noticeable reduction in the required E; /Ny to
achieve the same BER level, reaffirming the spatial diversity gain.
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T T T
=~ EW 1-bit ADCs
= 'ED 1-bit ADCs
=—4— EW Dual Mixed ADCs
= 4= ED Dual Mixed ADCs
=3 EW Triple Mixed ADCs
= % ED Triple Mixed ADCs
EW 5-bit ADCs
- *ED 5-bit ADCs

Figure 8. BER Performance: Protograph LDPC Code of Size 8 x 4 (30), Code Length 2400 bits, MIMO 10 x 40,
16-Ary Constellation, 1-5 bit ADCs.

T T
= EW 1-bit ADCs

= (3 ED 1-bit ADCs

=== EW Dual Mixed ADCs
= <= ED Dual Mixed ADCs
=3 EW Triple Mixed ADCs
= %= ED Triple Mixed ADCs

EW 5-bit ADCs
- ED 5-bit ADCs

Figure 9. BER Performance: Protograph LDPC Code of Size 8 x 4 (30), Code Length 2400 bits, MIMO 10 x 60,
16-Ary Constellation, 1-5 bit ADCs.

Moreover, the simulation results exhibit good alignment with the theoretical thresholds derived
using the modified mixed-ADC PEXIT algorithm. This consistency across different code structures
confirms the robustness and adaptability of the theoretical analysis tool in guiding system design
and performance prediction. Interestingly, despite the fact that the 8 x 4 code contains more variable
and check nodes—typically associated with stronger performance in AWGN settings—it exhibits
inferior performance compared to the 6 x 3 code specifically tailored for low-resolution ADCs in
massive MIMO channels. For instance, under identical system parameters, the 6 x 3 code consistently
achieves lower BER at the same Ej, /Ny levels than its 8 x 4 counterpart. This observation suggests that
designing LDPC codes specifically optimized for the characteristics of quantized MIMO channels (e.g.,
mixed-ADC distortion, spatial correlation) is a worthwhile direction for future research.

7. Conclusion

In this study, we addressed the power constraints of LS-MIMO systems by proposing a hybrid
ADC receiver structure integrated with superposition modulation and protograph LDPC codes, which
is crucial for future wireless networks such as B5G/6G and IoT. This work confirmed the value of triple
mixed-ADC designs through both analytical and simulation-based decoding thresholds. The observed
1.8 dB improvement over 1-bit systems, approaching full-resolution ADC performance, underscores
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the practical viability of triple mixed-ADC designs. Future directions include optimizing partition
strategies and exploring cooperative MIMO under hybrid quantization.
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