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Abstract—Massive multi-input multi-output (MIMO) signal
processing algorithms heavily rely on high-dimension matrix
operations, which impose excessively high computational com-
plexity. Moreover, in the post-Moore era, the performance of
the classical von Neumann computing architecture is facing
severe limitations. The in-memory computing (IMC) technique
holds the potential to break the memory wall and enhance
the circuit’s energy efficiency. In this paper, we present an
memristor crossbar based IMC circuit design for performing
the classical least square (LS) channel estimation with high
computation parallelism. Simulation results demonstrate that
even when considering the writing and reading errors, the
mean square error (MSE) of the proposed circuit with 7-bit
memristor is almost the same as that achieved by the digital
computer. Moreover, the proposed circuit achieves the same
level of computing performance as the NVIDIA RTX 6000 Ada
Generation, but with about 1/18 times as low computation time
and about 25 times as high energy efficiency, as this benchmark
commercial processor.

Index Terms—Massive MIMO, OFDM, channel estimation,
memristor crossbar, in-memory computing.

I. INTRODUCTION

ASSIVE multi-input multi-output (MIMO) and or-
thogonal frequency division multiplexing (OFDM) are
pivotal technologies enabling 5G systems. Their descendant,
the extremely large-scale MIMO, is also expected to play
an indispensable role in future 6G systems, as a benefit of
its remarkable capability of improving spectral and energy
efficiency [1]. However, the large number of antennas imposes
great challenges to processors in massive MIMO-OFDM
systems [2], [3], especially the algorithms involving matrix
operation.
Channel estimation is a key component in MIMO-
OFDM systems which acquires channel state information
(CSI) for signal detection [4]. In the past decades, various
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MIMO/OFDM channel estimation algorithms were proposed
to strike a balance among performance, pilot overhead [5], [6],
and computational complexity in engineering applications. In
particular, compressed sensing based methods are widely used
to exploit sparsity in channel estimation [7], [8], deep learning
based methods are employed to deal with complicated channel
distortion and interference [9], and angle-domain channel
parameters are estimated by using various array signal pro-
cessing techniques [10]-[13]. Linear algorithm based channel
estimators are commonly used because of low-complexity and
they are especially crucial for massive number of antennas
[14] and high mobility wideband scenarios [15]. The least
squares (LS) is one of the fundamental linear channel estima-
tion algorithms in MIMO-OFDM [4]. However, as the number
of users simultaneously transmitting data increases in future
6G systems, the LS estimator, involving intensive matrix
inversion and multiplication operations, still faces a huge
burden of computation complexity and energy consumption
in the time when Moore’s law gradually approaches its limits.

Since Hewlett Packard Laboratories brought the memristor
to life, it has become one of the most promising non-volatile
memory devices due to its attractive characteristics whose
resistance is determined by the number of charges flowing
through it, and will remain unchanged unless the stimulation
exceeds the threshold. Research interests in designing mem-
ristor crossbar based circuits or chips for accelerating neural
network (NN) training are booming [16] due to the promising
high power efficiency.

In NN, the conductance value of the memristor is continu-
ously changed through multiple epochs of training, according
to the fed back verification function. Hence, the impact of the
written error (the difference between the target conductance
value and the actual conductance value) of memristors is
reduced. However, communication systems need to process
information in real-time with high accuracy (milliseconds in
5G) but the bit-precision (the number of stable conductance
states to represent a value) of memristors is limited.

In recent years, there have been a few studies answering
how to design memristor crossbar based in-memory comput-
ing (IMC) circuit for communication systems. A memristor
crossbar based circuit design for the optimal maximum like-
lihood MIMO detection with high computation parallelism



was presented in [17]. Other works included a MIMO linear
detector circuit with high robustness to conductance errors
[18], [19], a MIMO zero forcing precoder circuit [20], a
MIMO minimum mean squared error detector circuit [21],
a ridge regression circuit applied to MIMO detector [22], a
successive interference cancellation decoder circuit [23], and
a circuit for box-constrained massive MIMO detection based
on the alternating direction method of multipliers (ADMM)
[24], all leveraging memristor crossbar based IMC technique.

However, no research has focused on channel estimation es-
pecially pilot based channel estimation in open literature. The
main difference between the estimator and precoder/detector
is the prior information of pilots. In this paper, we design
a memristor crossbar based IMC circuit for massive MIMO-
OFDM channel estimation. This constitutes the first-of-its-
kind study in the research community, and our novel contri-
butions are summarized as follows.

1) Our IMC circuit makes full use of the prior information
to facilitate the calculation of discrete Fourier transform
(DFT) and the inverse DFT (IDFT), and estimate CSI
directly in memory.

2) Simulation results show that the mean square error
(MSE) performance of our proposed circuit is almost
the same as that achieved by the double-precision float-
ing point (FP64) digital computer when the memristor
bit-precision is 7-bit.

3) The computation time and energy efficiency of our
circuit design are compared with those of commercial
graphics processing units (GPUs). The proposed circuit
shows about 1/18 times as low computation delay
and about 25 times as high energy efficiency, as the
commercial GPU NVIDIA RTX 6000 Ada Generation,
in MIMO-OFDM channel estimation tasks.

II. SYSTEM MODEL

We consider the uplink of massive MIMO-OFDM systems
comprising an N,.-antenna base station (BS), N; single-
antenna users, and K subcarriers for each user antenna. At
time index n, given the transmitted OFDM symbol X*(n) €
CK*1 and the unitary DFT matrix F € CX*K | the transmit
(TX) signal vector is given by x!(n) = FHX!(n). Then,
the c-length cyclic prefix (CP) is added before x!(n) to
avoid inter-symbol interference, where ¢ > L and L is
the maximum length of channels. At the BS receiver, after
removing the CP, the receive (RX) signal can be written as

ZHLﬁfHX’ +2"(n), (1)

where H/;! € CK*X denotes the circulant channel matrix
with the first column as [(h"vt)T701X(K,L)]T, and h"™t €
C'L denotes the channel impulse response (CIR) from the

tth TX antenna to the rth RX antenna, and z"(n) represents

the additive white Gaussian noise vector on the rth antenna.
The FFT of the RX signal y"(n) can be obtained by

Ny
:Zdiag{ﬁﬂ(hm)? OlX(K_L)]T}Xt(n)JrZT(n)

Ny
=Y diag{X"(n)}Fh"" + Z"(n), ()
t=1
where Y"(n)=Fy"(n), diag{X} is the diagonal matrix with
X as its diagonal elements, F € CX*L denotes the first L
columns of F multiplying by 'K, and Z" (n) = Fz" (n).
Assume that the P pilot tones distributes over g consecutive
OFDM symbols and the CSI is unchanged in f consecutive
OFDM symbols, where g < f. Then (2) can be written as

Y"(0) Xiiag(OF -+ Xé\iég(o)F
YT(g - ]') Xclhag( 1)F o Xfi\itag( 1)F
h" 1 AN (O)
X o+ : ; 3)
W |zr(g - 1)

where Xf;, . (n) = diag{X"(n)}.

According to [25], the pilot signals only consume P/g
subcarriers of each OFDM symbol. Considering the pilot part
of the signals, (3) can be simplified as

Y =Ah" + 77, )
where
Y7 (0) h"!
'?7' — E , h’!' — E ,
Y (g—1) hr Ve
Xiag(0F(0) X, (0F(0)
A= : . : 5
Xéldg( ~1)F(g—1) - Xévl;g( ~1)F(g—1)
Z'(0)
A : , Xl (n) € CPl9xP/a,
Z'(g—1)

while Y7 (n), Z"(n) and F(n) correspond to the P/g rows
of Y"(n), Z"(n), and F(n)!, respectively.

Applying the LS algorithm on (4) to estimate the CIR, we
obtain h” = ATY” = h” + ATZ", where A denotes the
pseudo-inverse of A. To calculate hr, the inverse operation
with time complexity of O(PL?N?) is inevitable and the
following matrix-vector multiplication shows O(PLN;) time
complexity. With the increasing demands on the performance
of communication systems due to the number of transmit

!The index n reflects that F varies with time depending on the position
of the pilot tones in the different OFDM symbols
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antennas, subcarriers, and receiver taps in MIMO-OFDM sys-
tems, the existing von Neumann based digital computational
paradigms will face severe challenges.

III. THE PROPOSED IMC BASED CHANNEL ESTIMATOR

In this section, we present an IMC circuit based on mem-
ristor crossbars for the channel estimation and the OFDM
signal preprocessing in receivers. The proposed circuit can
effectively break the memory wall and significantly accelerate
the process of estimation and DFT/IDFT.

The proposed IMC circuit shown in Fig. 1 comprises
two sets of memristor crossbars with one-transistor- one-
memristor (1T1R) structure (cross-point arrays with a mem-
ristor device connected with a transistor at each intersection).
Each memristor crossbars contains two sub-crossbars with the
same size. In Fig. 1, the blue line, the yellow line, and the
green line denotes the source line (SL), the bit line (BL),
and the word line (WL), respectively, composing the struc-
tural foundation of memory. The peripheral circuit composed
of operational amplifiers (OAs), inverters and transistors is
connected by the black line.

We utilize the changeable conductance of memristors to
store information. The conductance matrix G and G~ are
stored in each sub-crossbar, and the same information is
stored in the two sets of memristor crossbar.

First, we set Vz4 to a low voltage level, meanwhile —V4
at a high voltage level. A set of current i;, is applied to the
left array, and the output voltage in Fig. 1 is voyut. According
to Kirchhoff’s law, the input current can be represented by

- G_)Vout (5)

at the inverting inputs of the upper set of operational ampli-
fiers, and the outputs of the upper set of OAs are obtained
by voa = ripa, where r denotes the feedback resistors of

ioa =i+ (G

Memristor crossbar based IMC circuit for MIMO-OFDM channel estimation and DFT/IDFT.

OAs. vpa serves as the input of the right set of memristor
crossbars, and the output current is

(che e (©)

because of the “virtual ground” by the lower sets of OAs.
Assuming G = GT — G, the relationship between i;,, and
Vout Can be obtained by

)VOA = 07

—(GTG) 'GTiy. (7

The proposed IMC circuit processes the LS algorithm for
MIMO-OFDM channel estimation by (7) in one step while
mapping A, Y7 onto G and ijy.

Limited by the conductance range of memristors (the range
of conductance value tlgt memristors can be written to be),
the elements in matrix A cannot be written into the crossbar
directly. Assume that the conductance range of memristors is
(Gmin; Gmax) With Gpin > 0, the real/image part value
of pilot signal Xd ag(n) is in the range (Xmin,Xmax) With
Xmin < _0 < —Xmin < Xmax, and the real/image part
value of F(n) is in the range of [—1, 1]. Then, the real/image
part value of A is in the range of (—Xmax,Xmax). Using
a pair of memristors to represent the real/image part of A,
the conductance range is (Gmin — Gmax, Gmax — Gmin)-
thag(n) is amplified by a factor of a to fully utilize the
conductance range, where @ = (Gmax — Gmin)/Xmax-

Under the system model, Xdlag( n), F(n), and the size of
DFT are known information. thag( n)F(n)
the memristor crossbar. Since A is a complex matrix, it cannot
be directly implemented in memristor crossbar, which only
supports non-negative real conductance values. The equivalent
real-valued model is

=_ [9%(5)
J(A)

Vout =

— A is stored in

~3(A)
RA) |’



where 9R(-) and J(-) denote the real and image parts, respec-

tively. A can be represented by the difference of two positive
real matrices as follows:

A-X -&
_|RAY) A | KA IAN|
JA'T) RATY) JAT) KA

T+ —_—
Map A and A onto the memristor crossbars, which satisfy:

[R(AT) 3(A)] o, |RA) A
JAH) RAH] T T 3AT) RA)

Gt =a

When the BS receives signals, the real and imaginary parts
of the pilot signal Y" are combined and scaled to form the
input current vector

N T m(?r)
in =Y —b [3(@)] , ©)

where b is a scaled factor. Based on (7), the output signal is
obtained as

Vou = ~(GTG) "G iy, = ~b/a(A A) A ¥
—~b/a[R(h") 3(0")]", (10

which is the CIR received on the rth antenna.

Furthermore, the DFT and IDFT are basic operations in
OFDM systems. By setting V4 to a high voltage level, the
OAs between two sets of memristor crossbars are discon-
nected and become independent. Memristor crossbar stores
the linear scaled F, namely,

RN AF)] 6 [RE) IF)
=35 a) e =) A

where c is an appropriate scaled factor. As shown in Fig. 1,
when the input is the time-domain signal [R(x) J(x)]7,
the output current is the frequency-domain signal as ipa =
c[R(X) 3(X)] 7.

The proposed memristor crossbar based IMC circuit makes
full use of the storage information in the non-volatile mem-
ristor crossbar and can switch state according to the storage
information, solving channel estimation or DFT/IDFT in one
step.

IV. SIMULATION RESULTS
A. Estimation Performance of the Proposed Circuit

To employ memristors as memory units in communication
systems, each memristor need to be written to an appropri-
ate conductance value. The accuracy of memristor crossbar
based IMC and bit density increase with the improvement
of bit-precision. However, the difference between the target
conductance value and the written conductance value impacts
the circuit accuracy.

One of the common methods to reduce written error
and increase bit-precision is verification after writing. If the

10°

MSE
IS)

—e— digital computer
_Q_ €,,=3-bit
P
102F ebP:S-bit
B — Ebp=7-bil
— % — OFDM-+digital computer
- % - OFDM+5bp=5-bit
103 I I I I I
0 5 10 15 20 25 30
SNR(dB)

Fig. 2. MSE comparison of the proposed circuit (with bit-precision of 3-
bit, 5-bit and 7-bit) against digital computer (FP64 bit-precision) and 7-
bit precision DFT in OFDM with digital channel estimation against 5-bit
precision estimation.

current conductance does not satisfy the target conductance,
a subsequent writing pulse is applied to adjust the conduc-
tance. Writing and verification increase the writing time of
memristor crossbars, which becomes more problematic in
time-sensitive scenarios such as precoding and detection in
communication systems. In these scenarios, it is essential to
strike a balance between writing time and bit-precision, when
pilot-based channel estimation is not “time-sensitive”. This
necessity arises because the pilots, which are the agreed-
upon information between the transmitter and the receiver,
have been stored in memory. It is worth mentioning that the
bit-precision has an upper limit, e.g, it can reach 11-bit [26],
because of the characteristics of the memristor. Consequently,
the writing operation finishes before receiving signals for
channel estimation and writing time is almost not a limiting
factor for bit-precision.

We investigate the influence of bit-precision on memristor
crossbar by the mean square error (MSE) of channel es-
timation. Furthermore, we consider calculating the DFT in
the memristor crossbar first and then estimating the CIR. In
addition, the conductance value shows slight fluctuations over
time and reading operation has little impact on conductance.
These characteristics are all considered in the simulation.
In the simulation, the BS employs N, = 32 antennas, the
number of users is IN; = 32, the number of subcarriers is
K = 256, the number of pilot tones is P = 64, and the
modulation scheme is quadrature phase-shift keying (QPSK)
for all the pilot symbols and general data. We assume that
the system estimates the channel once in the f consecutive
OFDM symbols with all the pilot tones on the first OFDM
symbol.

The simulation results in Fig. 2 show the MSEs versus
the signal-to-noise ratio (SNR) of the LS channel estimates
using digital computer (FP64) as well as 3-bit, 5-bit and



TABLE I
COMPARISON BETWEEN THE PROPOSED CIRCUIT AND COMMERCIAL GPU.

Performance metric Proposed circuit

NVIDIA RTX 6000 Ada Generation

NVIDIA RTX 4000 Ada Generation

100 ns
21.76 ul
1.934 teraFLOPs/J

Computation time
Energy consumption
Energy efficiency

1.85 us
55421 uJ
0.075 teraFLOPs/J

6.30 us
819.42u]
0.051 teraFLOPs/]

0.1}

Voltage(V)

0.2

0 20 40 60 80 100
time(ns)

Fig. 3. Computation time for achieving convergence with different samples.

7-bit memristor crossbars. Additionally, we evaluate two
hybrid approaches: 1) performing the DFT in 7-bit memristor
crossbars followed by LS estimation using digital processor,
and 2) executing DFT within 7-bit memristor crossbars and
LS estimation within 5-bit memristor crossbars.

It can be seen from Fig. 2 that the MSE curves achieved by
the proposed IMC circuit with 7-bit precision and the digital
computer are almost overlapping. The simulation results show
that the SNR experiences a reduction of 2.5dB when the 7-
bit precision is reduced to the 5-bit precision. By comparing
the results of digital computer to 7-bit DFT before digital
computer estimation and 5-bit estimation to 7-bit DFT before
5-bit estimation, it can be concluded that 7-bit memristor
crossbar can well meet the accuracy of DFT, and LS is more
susceptible to the impact of the bit-precision of memristor
crossbar than on DFT.

B. Comparison with Digital Processors

The results of Fig. 2 suggest that the memristor crossbar
with 7-bit precision is capable of achieving the similar chan-
nel estimation accuracy as the digital processor. Therefore,
we use the memristor crossbar of 7-bit precision in this set
of simulations. Note that the writing time of different bit-
precision memristor crossbars is also different. The size of
the memristor crossbar is (128 x 256) x 2 according to the
simulation parameters of P = 64 and LN, = 64.

We first evaluate the convergence time of the proposed
circuit with OAs having gain-bandwidth product of 500 MHz

10° : : 210
—— Throughput of the proposed circuit -
— Throughput of the GPU
- - ~Energy efficiency of the proposed circuit
2 | |- - -Energy efficiency of the GPU i
10 - =
e} - =
2 oolh L e
= 10 . 3
= g =
) . 0 =
= L7 3107 2
= 5}
£ 0 2
o 107 F .7 £
32 15}
N o
= - 110! 8
15 I e 53]
10
1 0-2 I I I I
32 64 128 256 512 1024

M

Fig. 4. Throughput and energy efficiency of the proposed circuit with dif-
ferent scales in comparison to those of NVIDIA RTX 6000 Ada Generation.

and amplifier gain of 80dB, i.e., the time required by the
circuit to reach a steady state for processing h on a single
antenna, with the aid of LTspice®. In Fig. 3, different curves
correspond to different samples of h. It can be seen that
the convergence time is typically less than 80ns. Thus the
circuit needs N, x 80ns to obtain all the CIRs in one
estimation. However, the calculation of CIR for each antenna
is independent of each other, and all the N, CIRs can be
computed in parallel, resulting in single CIR convergence
time.

The number of floating point operations (FLOPs) required
by the LS estimator is N,.((LN;)® + 4(LN;)?P + PLN;)
which becomes 42074112 under the simulation parameters.
The proposed circuit, operating serially, can complete channel
estimation within 3.2us, and within 0.1pus in a parallel man-
ner, which estimates multiple sub-channels simultaneously).
The proposed circuit shows 1/18 times as low computa-
tion delay as the commercial GPU NVIDIA RTX 6000 Ada
Generation [27], which requires 1.85 s (considering the
communication latency between processor and memory).

The power consumption of a single memristor is estimated
to be 0.4 uW according to the programming rule. A single
OA designed in [20] consumes about 0.516 mW of power, and
the power consumption of a single ADC is about 52.224 mW
[28]. By adding up the power consumption of all the essential
components of the circuit, the power consumption of the
proposed circuit is estimated to be 6.84 W without considering
low-power design, i.e., without utilizing advanced ADC or



optimizing the workflow to reduce the working time. Defining
Energy efficiency = FLOPs/Energy consumption,

we also infer that the energy efficiency of the proposed circuit
is about 25 times as high as that of the commercial GPU
NVIDIA RTX 6000 Ada Generation [27] and 38 times as high
as NVIDIA RTX 4000 Ada Generation [29] (see Table I).

Finally, the throughput of the proposed IMC circuit in-
creases with the scale of memristor crossbar M as shown in
Fig. 4, and it outperforms the commercial GPU when about
M > 360. Note that the x-axis is on a logarithmic scale.
The energy efficiency of the proposed circuit increases with
the crossbar scale and it always outperforms the commercial
GPU.

V. CONCLUSION

We have designed a memristor crossbar based IMC circuit
for the LS channel estimation in massive MIMO-OFDM sys-
tems. Our scheme breaks the memory wall in communication
systems, and reduces the latency between processors and
memory. The simulation results have shown that the proposed
circuit with 7-bit memristors achieves comparable accuracy
of the digital computer. Our simulations have also verified
that the proposed circuit is approximately 18 times as fast
and 25 times as energy-efficient, as the commercial GPU
NVIDIA RTX 6000 Ada Generation. Therefore, the proposed
circuit has shown great potential (orders of magnitude) in
channel estimation tasks for extremely large-scale MIMO-
OFDM systems.
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