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Abstract: In this paper, the channel impulse response
matrix (CIRM) can be expressed as a sum of cou-
plings between the steering vectors at the base station
(BS) and the eigenbases at the mobile station (MS).
Nakagami distribution was used to describe the fading
of the coupling between the steering vectors and the
eigenbases. Extensive measurements were carried out
to evaluate the performance of this proposed model.
Furthermore, the physical implications of this model
were illustrated and the capacities are analyzed. In ad-
dition, the azimuthal power spectrum(APS) of several
models was analyzed. Finally, the channel hardening
effect was simulated and discussed. Results showed
that the proposed model provides a better fit to the
measured results than the other CBSM, i.e., Weichsel-
berger model. Moreover, the proposed model can pro-
vide better tradeoff between accuracy and complexity
in channel synthesis. This CIRM model can be used
for massive MIMO design in the future communica-
tion system design.
Keywords: CBSM; channel capacity; channel harden-
ing; channel modeling; massive MIMO
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I. INTRODUCTION

The sixth generation (6G) wireless communication
system has gotten a lot of attention since the previ-
ous system could not meet all demands of the future
around 2030 [1, 2]. Compared with the previous com-
munication network, 6G has been expected to pro-
vide a much higher data rate (Tbps), lower latency,
and wider coverage [3, 4]. Massive multiple input
multiple output (MIMO) has been seen as one of the
promising air interface technologies to achieve high
performance metrics [5, 6]. As an enhanced MIMO
technology, massive MIMO may exploit hundreds or
thousands antennas in the communication system to
improve spectral efficiency, reliability, and through-
puts [7]. This technology can be used in lots of
ultra-reliable and low latency communication scenar-
ios such as Industrial Internet of Things (IIoT), un-
manned system, and high speed train (HST) network
[8, 9]. Accurate and efficient channel models are very
important to design, evaluate and optimize the massive
MIMO wireless communication system [10, 11].

Studies on MIMO channel could trace back to the
1980s [12]. In theory, modeling MIMO channel in-
cluded deterministic and stochastic [13, 14]. Deter-
ministic method, such as ray tracing, needs detailed
descriptions of the environment and its computational
complexity is very high. On the contrary, stochastic
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methods are much more flexible and have been inten-
sively studied in the past decades [15–17]. Generally,
studies on stochastic models could be categorized into
roughly three types. The first type is geometrical based
stochastic model (GBSM) [18, 19]. In this model,
the scatterers in the propagation environment are as-
sumed to possess some geometric statistical distribu-
tions. Then, the channel impulse response (CIR) could
be obtained by the simple ray tracing modeling. Many
standardized models, i.e., IMT-2020 [20], 3GPP [21],
COST-2100 [22], and QuaDRiGa [23], are attached
to the kind of GBSM. The second type is parametric-
based stochastic model (PBSM). The statistical prop-
erties of channel parameters, such as amplitude, delay,
and angle of arrival (AoA) or departure (AoD) are re-
vealed to generate the PBSM [24–26]. The third ap-
proach is correlation-based stochastic model (CBSM)
[27–29]. These models generate the CIR matrices ac-
cording to mutual correlations of propagation channel.
Compared with the other two types of models, CBSM
aims to describe spatial multiplexing, diversity, and
beamforming properties of MIMO channel. Most of
the current standardized models are based on GBSM.
However, with the continuous increase of massive
MIMO antenna arrays, the advantages of CBSM are
constantly emerging, and it is expected to be widely
used in the future [29].

Typical CBSMs include Kronecker model [27], vir-
tual channel representation (VCR) [28], and Weich-
selberger model [29]. The Kronecker model assumes
that the transmitter (Tx) and receiver (Rx) are inde-
pendent. Thus, the full correlation matrix could be
decomposed into the Kronecker product of the single-
sided correlation matrix at the Tx and Rx. VCR takes
into account the mutual dependency of the correla-
tions at both ends. Using the coupling matrix to model
the mutual dependency of both link sides. Then the
channel impulse response matrix (CIRM) could be ex-
pressed as a sum of the couplings between the pre-
defined steering vectors at Tx and Rx sides. Com-
bine the advantages of Kronecker and VCR, Weich-
selberger model utilizes the eigenbases instead of pre-
defined steering vectors to represent the correlations
of each side. The eigenbases are defined as the eigen-
vectors of the single-sided correlation matrix. Thus,
the CIRM could be modeled as a sum of the couplings
between the eigenbases at the Tx and Rx ends.

Basically, Weichselberger model describes the prop-

erties of the MIMO channel most accurately in the
above three models. However, when it comes to mas-
sive MIMO, the complexity of Weibchselberger model
would be quite high as the increasing number of anten-
nas. How to provide a tradeoff between accuracy and
complexity would be a challenging task. Moreover,
all the above three CBSMs use Rayleigh distribution
to model the coupling matrix. But several measure-
ment results have shown that Rayleigh distribution is
inapplicable to the fading properties in the rich scat-
tering environments [30, 31]. A CBSM that could re-
veal the small scale fading accurately would be more
accurate. Finally, massive MIMO can effectively re-
duce the mutual interference among multiple users, as
known as the channel hardening effect some literatures
have shown [32–34]. However, this effect in the dif-
ferent propagation environments needs further study.
An accurate CBSM would be suitable for analyzing
channel hardening effect in the various scattering en-
vironments.

To the best of our knowledge, a general CBSM that
provides a tradeoff between accuracy and complexity
and describes the small scale fading accurately is still
missing. Furthermore, based on the general CBSM,
we can study the capacity properties and reveal the
channel hardening effect in various channels. Con-
sidering the existing research gaps, a general CBSM
for the massive MIMO channel in 6G communication
system is proposed in this paper. The contributions of
this paper are listed as follows:

1. A novel massive MIMO model is proposed. The
CIRM is expressed as a sum of couplings between the
steering vectors at base station (BS) side and eigen-
bases at mobile station (MS) side.

2. The accuracy of the Nakagami distribution in de-
scribing the fading properties is proved.

3. Through the comparison of channel capacity, az-
imuthal power spectrum(APS), the difference between
the proposed model and existing models is illustrated.
It shows the advantages of the proposed model, that is,
it provides a tradeoff between accuracy and complex-
ity in the field of massive MIMO channel modeling.

The rest of the paper is organized as follows. In
Section II, a novel CIRM model for massive MIMO
channel is proposed. Section III describes the setups
of massive MIMO channel measurements. Section IV
analyzes the complexity and accuracy of the proposed
model. In Section IV, five sample coupling matrices
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and their corresponding channel characteristics are in-
troduced. The influence of the number of receiving
antennas (NMS) and the number of transmitting anten-
nas (NBS) on channel characteristics is analyzed from
two aspects of channel capacity and channel harden-
ing. Section V, conclusions of the main innovation
points and experimental results are summarized.

II. CHANNEL MODEL AND PARAMETER
EXTRACTION

2.1 Massive MIMO Channel Model

The proposed model is based on the following as-
sumptions.

Assumption 1: the eigenbases of the single-sided
correlation matrix are only determined by the propa-
gation environment, and do not vary with spatial co-
variance matrix.

Assumption 2: the eigenbases of the single-sided
correlation matrix must be the steering matrices at the
BS side.

Assumption 3: the fading process between BS and
MS possesses the Nakagami distribution.

Firstly, the spatial characteristics of a general
MIMO channel can be presented by a generic full cor-
relation matrix [29]. This matrix can be represented
as

RH = EH(vec(H) · vec(H)H), (1)

where vec (·) represents the combination of all the col-
umn vectors in the matrix into a column vector, and
(·)H represents the conjugate transpose matrix of the
matrix.

Similarly, the spatial characteristics of the BS or MS
can be represented by a single-sided correlation ma-
trix, which can be expressed as

RMS,QBS
= EH(HQBSH

H), (2)

and
RBS,QMS

= EH(HQMSH
H), (3)

where QBS and QMS represent the spatial correlation
matrix of BS side and MS side respectively.

According to assumption 1

RMS,QBS
= UMSΛMS,QBS

UH
MS, (4)

and

RBS,QMS
= UBSΛBS,QMS

UH
BS, (5)

where UBS and UMS represent the single-sided cor-
relation matrix of the BS (MS) side, which does not
change with the spatial covariance matrix.

According to assumption 2

UBS=ABS, (6)

ABS = (a1
BS , · · ·,a

NBS

BS ), (7)

aj
BS = (1, e−i2παj , · · ·, e−i2π(N−1)αj ), (8)

and

αj = d sin(j × 2π/NBS)/λ, (9)

where ABS is the steering matrices of BS, aj
BS(

j=1,···,NBS ) are the steering vectors at BS. The ma-
trix composed of these steering vectors is the steering
matrix at MS side. The variable d represents the an-
tenna space, λ is wavelength.

According to assumption 3, with the increase of
array size, the eigenbases at MS side and steering
vectors at BS side may experience different scatters.
Therefore, Nakagami distribution may give much ac-
curate description of the fading process than Rayleigh
distribution since Nakagami distribution is an exten-
sion of Rayleigh distribution and has already proved
to be more useful than Rayleigh distribution.

Calculate the single-sided correction matrix at MS
and BS side as

RMS,QBS
= EH(HQBSH

H)

= UMSΛMSH
H
MS, (10)

ΛMS = EH

(
(O⊙ eiΘ)AT

BSQBSA
∗
BS(O ⊙ eiΘ)

H
)
,

(11)

RBS,QMS
= EH(HQMSH

H)

= UBSΛBSH
H
BS, (12)

© China Communications Magazine Co., Ltd. · January 2024 177

Authorized licensed use limited to: Southeast University. Downloaded on July 12,2024 at 02:05:15 UTC from IEEE Xplore.  Restrictions apply. 



and

ΛBS = EH

(
(O ⊙ eiΘ)AT

MSQMSA
∗
MS(O ⊙ eiΘ)

H
)
.

(13)
In addition, the uniformly distributed i.i.d. entries of
Θ give

E(ei[Θ]mnei[Θ]jk) =

 1, m = j, n = k

0, else
.

(14)
According to which can express the elements of the
matrices ΘBS and ΘMS as

[ΛMS]jk =

NMS∑
l′=1

NMS∑
l=1

[O]jle
i[Θ]jl [Q′

MS]ll′ [O]kl′e
−i[Θ]kl′

=


NMS∑
l=1

[Q′
MS]ll[O]2lj , j = k

0, j ̸= k

,

(15)

and

[ΛBS]jk =

NBS∑
l′=1

NBS∑
l=1

[O]jle
i[Θ]jl [Q′

BS]ll′ [O]kl′e
−i[Θ]kl′

=


NBS∑
l=1

[Q′
BS]ll[O]2lj , j = k

0, j ̸= k

, (16)

where AT
BSQBSQ

∗
BS = Q′

BS, AT
MSQMSQ

∗
MS = Q′

MS.
Thus, ΘBS and ΘMS are diagonal matrices.

According to equation (1)–(16), MIMO channel can
be modeled by (17) when these three assumptions
stand:

H = UMS(O ⊙ eiΘ)AT
BS, (17)

where UMS is a unitary matrix. The entries of the ma-
trix O are independent identical Nakagami distributed
variables. The entry [O]jk represents the amplitude
gain of the virtual link between the jth steering vector
at BS side and the kth eigenbasis at MS side. And ⊙
represents multiplying corresponding elements. The
symbol i represents imaginary unit. The entries of
the matrix Θ are independent identical uniform dis-

tributed variables among [0,2π]. See (7)–(10) for de-
tailed informations of ABS.

2.2 Model Parameters Extraction

The parameters to be extracted are the eigenbases of
MS side and the entries of Nakagami distribution in
the random matrix O.

The eigenbases at MS side can be obtained by eigen-
decomposition of the unparameterized single-sided
correlation matrix and expressed by:

RMS = EH(HHH)

= UMS

(
NBS∑
i=1

diag(λi0)

)
UH

MS, (18)

where diag (·) means to place the elements of a col-
umn vector at the main diagonal positions of a square
matrix. And λi0 is the eigenvalue of the single-sided
correlation matrix at BS side.

The random elements in the matrix follow Nak-
agami distribution, whose parameters can be calcu-
lated by:

mjk = E2
H(
∥∥∥(aj

BS)
H
Huk

∥∥∥2)/var(∥∥∥(aj
BS)

H
Huk,

∥∥∥2),
(19)

Ωjk = E2
H(
∥∥∥(aj

BS)
H
Huk

∥∥∥2), (20)

where mjk and Ωjk represent the shape and expansion
parameters of the Nakagami function, respectively.

2.3 Comparison of the Accuracy of Nakagami
and Rayleigh Distributions

In order to verify Nakagami’s accuracy in modeling
the O matrix, we performed ray tracing simulations
on a 7 × 7 × 3.5 m3 room using Feko+Winprop. The
stereoscopic view of the room is shown in the Fig-
ure 1. There are varying numbers of glass windows
on the left and right walls of the room, and a wooden
door on the left wall. Around the room are a number of
wooden tables and chairs, as well as some metal appli-
ances. The transmitting antenna array, which is shown
in the blue area of the Figure 1, is an 8 × 8 antenna ar-
ray. They are evenly sampled in the room space every
0.5 m and set up a large number of receiving points
to simulate. The transmitting and receiving antennas
parameters are shown in the Table 1.
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Table 1. Parameters of the antennas.

central frequency bandwidth BS MS

4 GHz 20 MHz

8 × 8 array two whip antennas

gain 7 dBi gain 3 dBi

3 dB angular width -70 + 70 direction omni-directional

adjacent space one wavelength polarization vertical polarized

After obtaining the CIRs of 1176 sampling points,
O can be obtained from (1) The shape and extension
parameters of the Nakagami distribution can be ob-
tained from (19) and (20), through which we can gen-
erate random elements that conform to Nakagami and
Rayleigh distributions respectively. The Cumulative
Distribution Functions (CDF) of elements follow Nak-
agami distribution, Rayleigh distribution, and simula-
tion result are shown in Figure 2. Obviously that Nak-
agami distribution fits more closely, which verifies the
third assumption.

Figure 1. 3D diagram of room model for ray tracing simu-
lations.

III. MASSIVE MIMO CHANNEL MEA-
SUREMENT

3.1 Measurement Environment

We carried out these measurement activities in an
7 × 7 × 3 m3 indoor laboratory. Several tables and
chairs, all made of wood, are placed in the laboratory.
The tables lean against a 0.8 m high wall. In addi-
tion, multiple electronic devices are placed on these
tables. Other objects such as air conditioners, white-
boards, and chairs are placed in the corners of the lab.
The floor, walls, and ceiling are made of concrete, and
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|H|
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F

Rayleigh

Nagakami

Ray Tracing

Figure 2. CDFs of elements follow Nakagami distribution,
Rayleigh distribution, and simulation result.

the doors are made of glass. There are two windows
on one side of the wall. The layout of the lab is shown
in Figure 3.

table
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5×5 grids MS 

Other objects
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Figure 3. Schematic diagram of measurement environments
and setups.
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3.2 Measurement Environment

Based on USRP RIO software, developed by Na-
tional Instruments [30, 35], we performed massive
MIMO channel measurements by the LuMaLi test
stand (shown in Figure 4). Via orthogonal frequency
division multiplexing (OFDM) 4 GHz with 20 MHz
bandwidth pilots are transmitted simultaneously at BS
side. The real-time frequency response is then mea-
sured and stored through channel estimation at MS
side. Use an identical reference clock to achieve
frequency and phase synchronization. Use an oven-
controlled crystal oscillator in a NI PXIe-6674T tim-
ing module to generate this clock. See [35] for a more
detailed description of the LuMaLi test stand.

The BS is consisted with an 8 × 8 uniform planar
array (the red area of the 8 × 16 array in Figure 4)
and mount it upon a wooden frame 1.8 m high above
the ground. Each element of the array is an omnidi-
rectional monopole with a gain of 7 dBi and an an-
gular width of -70 + 70 -3 dB on both the horizontal
and vertical lines. Adjacent elements are spaced by a
wavelength.

Two omni-directional vertically polarized whip an-
tennas are used to simulate two users on the MS ter-
minal. Each whip antenna operates at 3–6 GHz with a
gain of 3 dBi.

The parameters of the measurement system are
shown in Table 1.

BS is fixed at the north side of the laboratory, and
its antenna position is shown in Figure 3. The mea-
surements are made on a 5 × 5 grid with an interval of
twice the wavelength per position, through which the
small-scale fading can be studied. In order to test the
far-field characteristics of massive MIMO channels,
the MS position is selected so that the MS-BS distance
is greater than the Rayleigh distance. First, the MS is
located on one of the grids, and the MS receives a large
number of fading signals from the MIMO channel.
The MS moves to the next grid when the frequency
response has been measured and saved, and the bench
begins to measure the channel again. The MS anten-
nas are aligned to the center of the BS array during the
measurement.

The measured channel can be considered static dur-
ing a channel snapshot.

Figure 4. Measurement system and BS antenna array.

IV. MASSIVE MIMO CHANNEL ANALY-
SIS OF CAPACITY, APS AND CHAN-
NEL HARDENING

In massive MIMO systems, channel capacity and or-
thogonality are the most interesting indicators. This
chapter mainly analyzes the relationship of channel
capacity and orthogonal with NMS and NBS through
simulation results.

4.1 Comparison with Other Models

Compare the proposed model with Kronecker model,
Weichselberger model, and VCR in both accuracy and
complexity to evaluate their performance.

By assuming the spatial covariance matrices to be
spatially white, the unparameterized single-sided cor-
relation matrices can be obtained as

RMS = EH(HHH), (21)

and
RBS = EH(HTH∗). (22)

The Kronecker model is expressed as

HKron =
1

PH
R

1
2

MSG(R
1
2

BS)
T, (23)

where PH ≜ EH { tr(HHH) } stands for the total
mean energy of the channel. The entries of the matrix
G are i.i.d. zero-mean complex-normal distributed
[27].
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The Weichselberger model is expressed as

HWeib = UMS(Oweib ⊙G)UT
BS, (24)

where UMS and UBS are the eigenmatrices of RMS

and RBS, respectively. The OWeib is the coupling ma-
trix describing the average energy of eigenbases of BS
and MS side. G is also an i.i.d. random matrix with
zero-mean complex-normal distribution terms [29].

The VCR is expressed as

HVCR = AMS(ÕVCR ⊙G)ABS, (25)

where AMS and ABS are NMS × NMS and NBS ×
NBS channel independent discrete Fourier transform
(DFT) matrices. G is still an i.i.d. random matrix with
zero-mean complex-normal distribution terms. See
[28] for more information about VCR.

The performances of the proposed model, the We-
ichselberger model, VCR, and Kronecker model are
described in the this section. Firstly, model parameters
are obtained from the measured data, and the CIRMs
are obtained by Monte Carlo simulation. Then, the
generated CIRM is compared with the measured re-
sults. The number of parameters and channel capacity
are used as matrices to evaluate the complexity and
accuracy of the proposed model.

The number of parameters required for these mod-
els are provided in Table 2. The Weichselberger model
needs more parameters because it obtains the feature
library at the BS end. Kronecker model needs a bit
fewer parameters than Weichselberger model. In ad-
dition, the model requires two eigenvalue decompo-
sition (EVD) operations. As the number of antennas
increases, the Weichselberger model and Kronecker
model will become more complex. It is worth noting
that the complexity of the proposed approach to model
CIRM is relatively low because the model omits the
calculation of the eigenbases at the BS side. VCR has
the least complexity among the four models, slightly
lower than the proposed model. However the proposed
model is more accurate than the VCR. To sum up, the
proposed model provides better tradeoff between ac-
curacy and complexity.

Compare the proposed model with Kronecker
model, Weichselberger model, and VCR in both ac-
curacy and complexity to evaluate their performance.

The performances of the proposed model, the We-
ichselberger model, VCR, and Kronecker model are
described in the next section. Firstly, model pa-
rameters are obtained from the measured data, and
the CIRMs are obtained by Monte Carlo simulation.
Then, compared the generated CIRM with the mea-
sured results. The number of parameters and channel
capacity are used as matrices to evaluate the complex-
ity and accuracy of the proposed model.

Figure 5 shows the cumulative capacity distribution
function for modeling and measurement. The signal-
to-noise ratio is set as 10 dB. The results show that the
proposed model is more consistent with the measured
results than the Weichselberger model. Kolmogorov-
Smirnov (K-S) test [36] is used for scientific quantita-
tive fitting. This statistic is defined as

TK−S = sup
x

|Fn(x)− F (x)| , (26)

where sup | · | defines the upper bound of the set, while
Fn(x) and F(x) are measured CDF and fitted CDF, re-
spectively.
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Figure 5. Modeled and measured CDF of the capacity with
SNR at 10 dB.

In the K-S test, the smaller the statistic, the better the
fitting. The fitting statistical value between the estab-
lished model and the measured CDF is 0.11, while the
result of Weichselberger model is 0.45. Therefore, it
is clear that the proposed model is superior to Weich-
selberger model. This can be attributed to the fact that
Nakagami distribution describes the attenuation prop-
erty more accurately than Rayleigh distribution.
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Table 2. Number of the parameters and eigenvalue decomposition operations needed in different models.

model proposed Weib Kron VCR

number NBSNMS+N2
MS NBSNMS+N2

BS+N2
MS N2

BS+N2
MS NBSNMS

EVD 1 2 2 0

NMS = 2, NBS = 64 132 4228 4200 128

NMS = 4, NBS = 128 518 16384 16400 512

4.2 Numerical Examples of APS

Figure 6 shows the 2-D joint APS for a single sce-
nario. The measured spectrum (6c) shows a clear link-
age of specific direction of departure(DoD) to specific
direction of arrival(DoA). The Weichselberger model
(6b) changes the spectrum slightly because assump-
tion (4) in [29] is not completely fulfilled. However,
the linkage of DoDs to DoAs is preserved to a large
extent. Compared with the Weichselberger model, the
proposed model (6a) differs greatly from the measure-
ment results. But it’s worth simplifying the complex-
ity it brings.

The Bartlett spectrum utilizes the steering vectors at
the MS side, aMS(φMS), and the BS side, aBS(φBS),
to filter the MIMO channel. By extending Eq. (27) to
the MIMO case, the Bartlett MIMO spectrum becomes

PBF (φRX, φTX) = (aRX(φRX)⊗ a∗RX(φRX))
T

∗QH(aTX(φTX)⊗ a∗TX(φTX)).

(27)
In order to quantify the power spectrum differences,

we use the Kullback-Leibler divergence(KLD) to de-
scribe the differences [37]. The KLD is defined as fol-
lows:

γ =

∫
x

∫
y

P̄1(x, y) ∗ log
P̄1(x, y)

P̄2(x, y)
dxdy, (28)

and

P̄i(x, y) = Pi(x, y)/

∫
x

∫
y

Pi(x, y)dxdy, (29)

where P̄i(x, y) is the APS.
It can be seen in Table 3 that the KLDs of the pro-

posed model are not much different from the Weib

Table 3. KLDs of proposed model and Weib model.

SNR 5dB 10dB 20dB

γ(proposed) 0.1037 0.0879 0.0574 0.0488 0.0150 0.0355

γ(Weib) 0.0915 0.0815 0.0552 0.0468 0.0145 0.0349

model. Define the variance rate as

dif =
γ(proposed)− γ(Weib)

γ(Weib)
. (30)

The difference rates at 5dB, 10dB, 20dB are 10.6%,
4.1%, 2.6%, respectivily. As the SNR increases, the
difference rates decrease. Given the significant reduc-
tion in computational complexity brought about by the
proposed model in massive MIMO, the cost of these
accuracy is worth it.

4.3 Simulation Analysis of Channel Harden-
ing

Channel hardening occurs when NBS tends to be in-
finite in relation to the number of users (Nuser), the
traversal capacity of each state converges to a cer-
tain value that is only related to large-scale fading.
Channel hardening also refers to the fact that as anten-
nas array grows, the non-diagonal elements of HHH

increase more slowly compared to the diagonal ele-
ments. For multi-user massive MIMO systems, user
orthogonality is a measure of channel hardening char-
acteristics. As NBS of massive MIMO keeps increas-
ing, the orthogonality of users becomes better and bet-
ter. When NBS tends to infinity, HHH becomes a
diagonal matrix. At this point, users are completely
orthogonal without interfering with each other.

The joint orthogonality of users is considered from
the downlink and is characterized by singular value
spread of H. Dispose H with singular value decom-
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Figure 6. APS of proposed model.

position and get

H = UΣV H, (31)

where H is NMS × NBS channel matrix, U and V are
unitary matrices, and Σ is NMS × NBS diagonal ma-
trix. The diagonal elements (σ1, σ2, ···, σk) are singu-
lar values of H where k denotes min (NMS, NBS). Sin-
gular value spread is defined as the ratio of the largest
singular value to the smallest singular value

K =
max

i
σi

min
i

σi
. (32)

If singular value of H is very large, it indicates that
there are at least two rows in H which are approxi-
mately parallel. That is to say there are at least two
users whose vectors are nearly parallel and highly cor-
related. Singular value spread K = 1 when all users are
completely independent and their vectors are strictly
orthogonal.

Analyses of channel hardening with the help of typ-
ical coupling matrices that were introduced in [29].
Since O1, O2, and O3 are all singular matrices, their
ranks are all equal to one and have only one singular
value, which is not suitable for qualitative analysis by
singular value spread.

For O5, as shown in Figure 7, when Nuser = 2, with
the increase of NBS, singular value spread CDF shifts
to left gradually, indicating the orthogonality between
users is more and more obvious, though which we can
also become conscious of channel hardening process.
It is also worth noting that when NBS = 128, singu-
lar value spread distributed between 0 and 20 dB. The
probability that the singular value spread is less than
10 dB is more than 70 percent, which denotes fine
orthogonal property. Under the same circumstances,
when NBS is doubled, singular value spread decreases
by about 5 dB. Similarly, when Nuser = 8, singular
value spread decreases gradually with the increase of
NBS, and user orthogonality increase gradually. When
NBS = 128, singular value spread distributed between
90–120 dB. Though which we can still see channel
hardening, but orthogonality is becoming increasingly
difficult to maintain. When NBS is doubled, singular
value spread decreases by about 10–20 dB. For Nuser

= 128, increasing NBS basically has no effect on reduc-
ing singular value spread. In addition, singular value
spread rapidly rises to the minimum value of about 170
dB. Denoting the orthogonality between users is hard
to be guaranteed, this is because as Nuser grows, NBS is
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Figure 7. Simulated singular value spread CDF of O4 un-
der deferent Nuser and NBS at 10 dB.

no longer meet the condition of being much larger than
Nuser. It is generally accepted that under rich scatter-
ing environment, NBS being ten times more than Nuser,
channel hardening can be manifested.

Channel hardening can also be characterized by the
full correlation matrix, that is, when the antenna ar-
ray increases, the non-diagonal elements of the HHH

increase very slowly compared with the diagonal el-

ements. Based on this, we conducted further simu-
lation analysis, as shown in Figure 8, when NMS is
fixed and NBS increases from 256 to 1024, the non-
diagonal elements of HHH approach zero, while the
diagonal elements approach NMS as 2. Similarly, as
shown in Figure 9, when NMS remains unchanged at
32 and NBS increases from 256 to 1024, the non-
diagonal elements of HHH approach zero, while the
diagonal elements approach to NMS, in this example,
32. Contrast Figure 8 and Figure 9 one can come to
a conclusion that increasing NMS affects only the ab-
solute value of HHH but not the relative value. This
means that changing the number of NMS has no sig-
nificant effect on channel hardening while in fact, it
should. It is the accuracy sacrifice of this model to re-
duce complexity. However, considering the reality of
MIMO, that is, NMS is still small compared to NBS,
this sacrifice is worth it. At the same time, this also
causes that the model can only show obvious chan-
nel hardening when NBS is large enough. Therefore,
this model is more suitable for the situation that NBS

is large enough than NMS in the future massive MIMO
construction. It is worth noting that Figure 8 have
sub-diagonal peak phenomenon, which is an inevitable
phenomenon based on the virtual channel representa-
tion model. This is consistent with the result in [29].

V. CONCLUSION

In this paper, a novel CIRM model for massive MIMO
channel by combining the advantages of VCR and We-
ichselberger model has been proposed. This CIRM
can be expressed as a sum of couplings between the
steering vectors at BS side and eigenbases at MS side.
Steering vectors can be seemed as eigenbases at BS
side as long as the array size is large enough to provide
high spatial resolution. The fading properties of the
couplings between the steering vectors and the eigen-
bases have been destribed with Nakagami distribution.
The accuracy of the Nakagami distribution has been
verified by Feko+Winprop ray tracing. The accuracy
of this model has been proved through comparison of
channel capacities with some classic models. Finally,
the simulation analysis of the channel hardening char-
acteristics have been carried out.

The proposed model can be employed for the link
level simulation and the interference alignment in fu-
ture massive MIMO communication system.
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(a) NMS = 2, NBS = 256

(b) NMS = 2, NBS = 1024

Figure 8. Simulated elements of HHH .
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