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 Abstract—Most existing research on over-the-air (OTA) testing 

has focused on single-user scenarios but is ineffective for 

evaluating system performance of multi-users, due to the difficulty 

of precisely constructing multiple channels in a microwave 

anechoic chamber. This paper presents a system model for multi-

user OTA testing and employs the Whale Optimization Algorithm 

(WOA) to compute the pre-compensation matrix, which aims to 

eliminate the interference between multiple users. Experimental 

results demonstrate that the proposed scheme can construct 

different channels for two users in a microwave anechoic chamber, 

with an inter-user isolation greater than 15 dB, illustrating the 

feasibility of multi-user OTA testing. 

 
Index Terms—Channel reconstruction, multi-user, over-the-air 

(OTA) testing, wireless cable. 

 

I. INTRODUCTION 

ASSIVE MIMO is a one of the key technologies in 

the fifth or sixth generation of mobile 

communication (5G/6G) [1].  The base station (BS) 

is equipped with hundreds or even thousands of antennas, 

serving multiple user equipment (UEs) with various wireless 

channel environments. In a multi-user MIMO system, specific 

algorithm is always employed to enhance the system 

performance for the corresponding channel [2]. Consequently, 

compared to single-user scenarios, system performance for 

multi-user can vary significantly. Over-the-air (OTA) testing is 

an essential way to evaluate the system performance of 5G/6G 

equipment. 

At present, most of the research of OTA system 

performance testing focuses on single-user scenarios, with 

limited studies addressing multi-user cases [3]. Most 

commercial testing solutions for multi-user scenarios have been 

done in the conducted setup. Note that OTA testing for multi-

user is not a simple extension for the single-user OTA testing. 

As shown in Fig. 1, the key challenge is that the spatial profiles 

for each user, which might be highly different or similar 

depending on the spatial locations of the users, should be 

accurately reconstructed over-the-air, without any cross-talks 

[4]. 
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Fig. 1. Multi-user communication scenario. 

Reconstructing the wireless channel environment in an 

anechoic chamber is one of the most critical aspects of OTA 

system performance testing. The key issue to be solved in multi-

user OTA testing is to construct multiple channel environments 

within a specified spatial area. Several OTA methods have been 

investigated in the literature to address the challenges of radio 

performance testing [5][6][7]. The Reverberation Chamber 

(RC) uses a metal stirrer to stir electromagnetic waves in a 

shielded cavity, thereby producing a multipath environment 

similar to random distribution, simulating rich multipath Radial 

Rayleigh fading channels [8]. However, it is evidently unable 

to generate multiple distinct channels within the same shielded 

cavity. On the other hand, the Multi-Probe Anechoic Chamber 

(MPAC) places multiple antenna probes at different positions 

within the anechoic chamber to simulate multiple angles of 

arrival or departure, thereby constructing a spatial channel 

environment [9]. Theoretically, MPAC has a stronger spatial 

construction capability, but most research efforts so far have 

focused on single-user channel construction.  

The primary challenge in constructing multi-user channels 

within an anechoic chamber is how to eliminate the inter-user 

interference, which is one of the main errors in reconstructing 

multi-user channels. In recent years, wireless cable methods 

have been proposed to replace the traditional conductive 

connection, i.e. one-to-one transmission between two 

transmitting antennas and two receiving antennas, by reducing 
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interference from adjacent antennas [10]. The basic principle 

involves measuring the transmission matrix between the 

transmitting antenna array and the receiving antenna array, and 

then multiplying by its inverse transmission matrix at the 

transmitter end to obtain a diagonal matrix, thus achieving one-

to-one virtual cable connections. The wireless cable method has 

been applied in single-user MIMO OTA testing[11]. 

To the best of the authors' knowledge, for the first time, this 

paper proposes a system model for multi-user OTA testing, 

with an optimization algorithm to reduce inter-user 

interference, and experimental validation is carried out to proof 

the effectiveness of the proposed method. The structure of this 

paper is arranged as follows. Section II presents the system 

model for multi-user OTA testing; Section III provides the 

Whale Optimization Algorithm (WOA) for computing the pre-

compensation matrix; Section IV presents the measurement 

results and experimental validation; finally, Section V 

summarizes the paper. 

II. SYSTEM MODEL AND PROBLEM STATEMENT 

A. Traditional cabled setup 

 
Fig. 2. The conductive testing for multi-user MIMO System. 

 

The multi-user MIMO conduction testing system is shown in 

Fig. 2, which includes BS emulator, channel emulator (CE), and 

N DUTs. For simplicity of discussion, each DUT is assumed to 

be a two-element antenna array. The relationship between the 

input and output of the MIMO system for the nth DUT, ignoring 

noise terms, can be represented as 

𝑌𝑛(𝑓, 𝑡) = 𝑯𝑛(𝑓, 𝑡)𝑋𝑛(𝑓, 𝑡), (1) 

where 𝑯𝑛(𝑓, 𝑡) = {ℎ𝑖𝑗
𝑛 (𝑓, 𝑡)}2×2 , with ℎ𝑖𝑗

𝑛 (𝑓, 𝑡)  represents the 

time-varying channel frequency response (CFR) from the 𝑗𝑡ℎ Tx 

antenna to the 𝑖𝑡ℎ Rx antenna of the nth DUT at the CE port.   

𝑌𝑛(𝑓, 𝑡) ∈ ℂ2×1 is the received signal vector of the 𝑛𝑡ℎ DUT; 

𝑋𝑛(𝑓, 𝑡) ∈ ℂ2×1 is the transmit signal vector of the BS emulator 

corresponding to the 𝑛𝑡ℎ  DUT. In conducted testing, the 

specified test signal is transmitted directly to the corresponding 

DUT antenna port through the RF cable, and no crosstalk occurs 

between users. The antenna patterns on the Tx side and the Rx 

side can be embedded in the CFR implemented in the CE. 

 

B. Over-the-air setup 

The following is a system for multi-user MIMO OTA testing 

using two DUTs as an example, as shown in Fig. 3. The BS has 

four Tx antennas and each DUT has two Rx antennas. The Tx 

antenna sends signals to the DUT simultaneously. The 

relationship between the input and output of the multi-user 

MIMO OTA system is 

[𝑌1

𝑌2] = [𝐴1

𝐴2] [𝐺1 𝐺2] [𝐻1 0
0 𝐻2] [𝑋1

𝑋2]

      = [𝐴1𝐺1𝐻1𝑋1 + 𝐴1𝐺2𝐻2𝑋2

𝐴2𝐺1𝐻1𝑋1 + 𝐴2𝐺2𝐻2𝑋2] ,
(2) 

where transmission matrix is denoted as [𝐴1, 𝐴2], where 𝐴𝑛 =
{𝑎𝑖𝑗

𝑛 } ∈ ℂ2×4(𝑛 = 1,2)  represent the transmission matrices 

from all Tx antennas of the CE to the first and second DUTs, 

respectively, 𝑎𝑖𝑗
𝑛  is the unknown coupling coefficient of the 𝑖𝑡ℎ 

Rx antenna of the 𝑛𝑡ℎ  DUT receiving the 𝑗𝑡ℎ  Tx antenna 

corresponding to the CE port. 𝐺𝑛 = {𝑔𝑖𝑗
𝑛 } ∈ ℂ4×2 is 

corresponding pre-compensation matrix to achieve 𝐴𝑛𝐺𝑛 =
𝐼2×2  ,with 𝐼2×2  donating a 2 × 2  identity matrix. For the 𝑛𝑡ℎ 

DUT,  𝑌𝑛 can be expressed as 

  𝑌𝑛 = 𝐴𝑛𝐺𝑛𝐻𝑛𝑋𝑛 + 𝐴𝑛 ∑ 𝐺𝑘𝐻𝑘𝑋𝑘2
𝑘=1,𝑘≠𝑛  (3)     

It can be seen that the first term 𝐴𝑛𝐺𝑛𝐻𝑛𝑥𝑛  in the Eq. (3) 

represents the actual desired signal received by the nth DUT, 

and the second term 𝐴𝑛 ∑ 𝐺𝑘𝐻𝑘𝑥𝑘2
𝑘=1,𝑘≠𝑛   is the interference 

signal for the 𝑛𝑡ℎ DUT, i.e., multi-user interference. This term 

is the primary factor affecting the performance of multi-user 

MIMO systems OTA testing. 

 
Fig. 3. Multi-user MIMO OTA testing system. 

 

III. METHOD 

A. Objective Function 

As seen from Eq. (4), each DUT needs to achieve a wireless 

connection, which requires satisfying 𝐴𝑛𝐺𝑛 = 𝐼2×2 

Additionally, it is necessary to mitigate interference from other 

DUTs, which means that each element of the matrix 

𝐴𝑘𝐺𝑛(𝑘 ≠ 𝑛, 𝑘 = 1,2)  should be as small as possible. 

Therefore, an objective function can be constructed as 

𝐿(𝐺𝑛 , 𝜆) = 𝑎‖𝐴𝑛𝐺𝑛‖𝐹 + 𝑏(‖𝐴𝑘𝐺𝑛 − 𝐼2×2‖𝐹), (4) 

where 𝑎  and 𝑏  are weight coefficients used to balance the 

weights of the two objectives; ‖∙‖𝐹  is the Frobenius norm, 

‖∙‖𝐹 ≝ √∑ ∑ 𝑥𝑖,𝑗
2

𝑗𝑖 . As shown in Eq. (3), if transmission matrix 

[𝐴1, 𝐴2]is known, it can be calibrated out by implementing the 

pre-compensation matrix 𝐺𝑛 in the CE. 

 

B.  WOA Algorithms 

As mentioned in the calibration procedure, we need to 

determine the pre-compensation matrix 𝐺𝑛  to enable the nth 
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DUT to achieve wireless connection without interference from 

other DUTs. Solving the pre-compensation matrix is essentially 

a mathematical inverse problem, and many algorithms can 

handle such issues such as Particle Swarm Optimization (PSO), 

Genetic Algorithm (GA), etc. In this paper, WOA algorithm is 

applied to determine  𝐺𝑛 . WOA simulates the hunting behavior 

of whales, utilizing strategies such as encircling prey, spiral-

shaped hunting, and random search[12].  

The pseudo-code of the WOA algorithm is as follows: 

 

In this algorithmic framework, the population consists of 

several whales, each of which contains 8 complex variables. For 

each complex variable, the phase term φ and amplitude term α 

are constrained within the range of[−𝜋, 𝜋] and [𝛼𝑚𝑖𝑛 , 𝛼𝑚𝑎𝑥] , 
respectively. The objective function for each DUT is given by 

Eq. (4). The population size 𝑁𝑤ℎ𝑎𝑙𝑒𝑠  is set to 50, representing 

the number of whales. The maximum number of iterations 

 𝑁𝑖𝑡𝑒𝑟  is set to 500, defining the maximum number of algorithm 

iteration. The coefficient vector 𝑎 is initially 2 and decreases 

linearly to 0 to dynamically adjust the position of the whales. 

The spiral constant 𝑏 is set to 1, which determines the shape of 

the spiral hunting. The initial random number 𝑙  ranges from 

[−1, 1] and is used to calculate the spiral path. The criteria used 

in this paper is the maximum number of iterations  𝑁𝑖𝑡𝑒𝑟 or the 

required isolation threshold. Therefore, for each DUT, the 

complexity of WOA is limited by 𝑁𝑤ℎ𝑎𝑙𝑒𝑠 × 𝑁𝑖𝑡𝑒𝑟. 

 
Fig. 4. Converging curves of the WOA algorithm  

Compared with PSO [13], WOA can jump out of the local 

optimal solution because it can more effectively balance global 

exploration and local development during the optimization 

process. After recording the transmission matrix  [𝐴1 𝐴2], the 

WOA algorithm is applied to find the pre-compensation matrix 

𝐺1 that satisfies the objective function in Eq. (4). As mentioned 

above, ten realizations are run to find the global optimal 

solution. The convergence curves of the WOA algorithm are 

shown in Fig. 4. It can be seen that all ten realizations converge 

to the global optimal solution, indicating that the possibility of 

finding the global optimal solution using the proposed WOA 

algorithm is very high. Based on the results of the ten 

realizations, the pre-compensation matrix 𝐺1 with the function 

𝐿(𝐺1, 𝜆) is selected as the estimated value of the transfer matrix  

[𝐴1 𝐴2]. 
 

IV. EXPERIMENT AND VALIDATION  

A. Experimental system  

As shown in Fig. 5, the experimental system consists of a two-

port Vector Network Analyzer (VNA), CE, probe antennas, 

DUT antennas, switches and power divider. The antenna 

arrangement in the anechoic chamber is illustrated in Fig. 6. The 

VNA is configured with 801 frequency samples, scanning 

frequencies from 3.56 GHz to 3.64 GHz, with an intermediate 

frequency bandwidth of 1 kHz and a transmission power of -

5dBm. As shown in Fig. 5, the four probe antennas are arranged 

on the same board, while the DUT antennas for different DUTs 

are arranged on two separate boards. 

 
Fig. 5. The diagram of the experiment. 
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Fig. 6. The experiment in an anechoic chamber. 

B. Calibration 

As described in [14], the transmission matrices 𝐴1 and 𝐴2 are 

estimated during the calibration process. Both the input and output 

ports of the CE are equipped with phase shifters and attenuators, 

which are all set to 0° and 0 dB, respectively. The complex 

coefficients in the transmission matrix from the probe antennas to 

the DUT antennas can be expressed as 𝑎̂𝑖𝑘
𝑛 = 𝛼𝑖𝑘

𝑛 𝑒𝑗𝜑𝑖𝑘
𝑛

, where 𝛼𝑖𝑘
𝑛  

represents the amplitude term of the transmission coefficient from 

the kth probe antenna to the ith DUT antenna of the nth DUT, and 

𝜑𝑖𝑘
𝑛 represents the corresponding phase term, 𝑘 ∈ [1,4], 𝑖 ∈ [1, 2], 

𝑛 ∈ [1, 2]. The kth probe antenna is turned on while the remaining 

three probe antennas are turned off. The amplitude and phase of 

the signal received by each DUT antenna are recorded 

respectively, denoted as 𝛼𝑖𝑘
𝑛 . The remaining three probe antennas 

repeat this switching operation to obtain the transmission matrices 

𝐴1 and 𝐴2. Note that if the condition number of the transmission 

matrix 𝐴𝑛  is too large, the matrix is too ill-conditioned to make 

the inversion process difficult, resulting in poor isolation.  

C. Measurement Result 

In order to intuitively illustrate the isolation between 

different DUTs and the wireless connection of a single DUT, a 

simple diagonal direct channel is adopted for the experiment. 

For simplicity, the channel to each DUT's probe antenna has 

two rays. Fig. 7 and Fig. 8 show the comparison between the 

target signal and the actual received signal in the frequency 

domain and time domain for the four Rx antennas of two DUTs, 

respectively. It can be seen from Fig. 7 that the trend of the 

received signal and the target signal of each connection is 

consistent, but the signal has a slight fluctuation. This is 

because each connection cannot completely isolate the 

interference from other transmitted signals. In Fig. 8, the rays 

on each DUT's receiving antenna are consistent with the ideal 

rays, and the power of unexpected rays are less than -15dB. The 

experimental results show that two channels with different 

power delay profile (PDP) are successfully reconstructed with 

interference rejection if more than 15dB.  

V. CONCLUSION 

In practice, the spatial distribution of different users has a 

significant impact on BS performance. This distribution affects 

signal reception quality and may lead to more complex 

interference issues when the BS processes signals from multiple 

users. Therefore, multi-user OTA testing  

 
(a) Received signals of DUT1 (Frequency domain)  

 
(b)  Received signals of DUT2 (Frequency domain) 

Fig. 7. The measured and desired signals in frequency domain. 

 

 
(a) Received signals of DUT1 (Time domain) 

 
(b) Received signals of DUT2 (Time domain) 

Fig. 8. The measured and desired signals in time domain. 

 

is essential to evaluate the performance of wireless 

communication systems in real environments. In this paper, a 

multi-user OTA performance testing method is first proposed, 

and a VNA-based experiment for a two 2×2 MIMO channel 

reconstruction is conducted. The transmission matrix is 

estimated based on the signal received by the DUT antennas, 

and the pre-compensation matrix of the multi-user wireless 

cable is determined according to the WOA algorithm. The test 

results show that the system can support multi-user OTA test, 

with an isolation greater than 15dB. 
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