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Abstract—Typically, MIMO systems require multiple 

antennas and multiple radio frequency (RF) chains in order to 
obtain uncorrelated spatial channels. This leads to 
cumbersome designs which are expensive to fabricate and 

consume a lot of energy. This paper shows a MIMO receiver 
with only one RF chain, which can significantly reduce cost of 
a MIMO system. Proposed single-RF MIMO receiver is based 

on a time modulated antenna array. Diverse channels were 
obtained by periodical ON/OFF switching. Beam-steering was 
used to further improve the performance of a MIMO system 

by focusing the main beam of the receiving antenna toward 
some desired direction in space. 

Index Terms—antenna array, adaptive antenna, time 

modulated antenna array, beam-steering, multiple-input 

multiple output 

I.  INTRODUCTION 

Multiple antenna techniques lead to significant 

improvements in the reliability and throughput of wireless 

communication systems. Development of these techniques is 

mainly motivated by the demand for higher data-rates, 

increasing number of wireless devices, and limited spectrum 

resources [1]. Multiple-input multiple-output (MIMO) is a 

popular multiple antenna technique. It enhances the spectral 

efficiency by exploiting the spatial resource dimension [2]. 

Nevertheless, there are some major challenges toward the 

implementation of MIMO in wireless communication 

systems, especially in small and low-cost terminals [3]. First, 

in general antennas should be placed sufficiently far away 

from each other to reduce mutual coupling and obtain almost 

decorrelated spatial channels. Second, each antenna of the 

MIMO system requires separate radio frequency (RF) chain, 

resulting in larger power consumption, and higher hardware 

cost which is especially unfavorable in mobile devices [4]. 

Both problems gained a lot of attention in the scientific 

community. One of the most promising solutions for 

transmitting multiple data streams over a single RF chain is a 

beam-space MIMO concept [5]. Orthogonality is achieved 

not by splitting symbols over RF chains but by mapping 

symbols directly onto an orthogonal set of basis functions in 

the beam-space domain of a single active antenna. The 

number of symbols, that can be simultaneously transmitted, 

is restricted by the number of available basis patterns. This 

approach has been validated experimentally for transmission 

of BPSK, QPSK [4][6][7], 16-QAM [8], and multi-carrier 

[9] signals. 

Another concept of a single-RF MIMO system is based 

on antenna beam pattern modulation [10]. In this system 

blocks of transmitted bits are divided into two parts and then 

the second part is mapped to a modulation symbol 

transmitted by the antenna, which pattern is selected by the 

first part. One of the main limitations of this technique is 

related to the impedance mismatch [11]. 

In [12] a spatial multiplexing MIMO with a single RF 

chain was achieved by means of a fast periodical switching 

between two antenna beams. In this paper we present similar, 

although a more advanced solution, called a beam-steering 

time-modulated MIMO (BS-TM-MIMO). This concept 

exploits sideband components to create a number of MIMO 

spatial channels. In addition, a beam-steering (BS) technique 

is applied to improve performance of the MIMO system. To 

the authors’ knowledge the BS-TM-MIMO approach has not 

been proposed yet. 

Time-modulated antenna array (TMAA) introduces time 

as an additional degree of freedom in antenna beamforming. 

An idea of using time as a fourth dimension (4D) was firstly 

proposed in 1959 [13]. Initially, this concept was considered 

as an alternative to a phased antenna array (PAA) because 

fast RF switching allows similar weighting of RF signals and 

switches have several advantages over phase shifters [14]. 

However, in contrast to the PAA, the output signal of the 

TMAA is spread at multiples of the modulation frequency 

around the center frequency as sideband components. This 

phenomenon used to be considered as a disadvantage, 

therefore many techniques of suppressing unwanted 

sidebands have been proposed [15]–[17]. Although, recently 

sidebands have been seen as useful and are exploited to 

extend capabilities of the TMAA used in various 

applications, e.g. beam-steering [18], spatial multiplexing 

[19], and MIMO radar [20]. 

II. TIME MODULATED MIMO SYSTEM 

A. Time Modulated Antenna Array 

The main part of the proposed BS-TM-MIMO system is 

the TMAA. Many different concepts of the TMAA have 

been described in the literature, however most of them are 

not suitable for low-cost mobile devices due to low 

efficiency. The main advantage of the TMAA used in the 

BS-TM-MIMO system proposed in this paper is high 

efficiency achieved thought “lossless switching”. Moreover, 
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the antenna array is very compact and can be used in many 

portable devices, e.g. inside the lid of a laptop. The TMAA 

used in experiments is described in detail in [21] and shown 

in Fig. 1. Because of periodical switching of antenna array 

elements the TMAA generates sideband components in the 

frequency domain spaced at multiples of 1 MHz around the 

center frequency. Each sideband component provides 

different shape of the radiation pattern and is numbered with 

parameter k. Radiation patterns on sideband components can 

be expressed as: 

 𝐹(𝜃, 𝑘) = 𝑝(𝜃) ∑ 𝑒2𝑖𝜋𝑘(𝑓𝑝+𝑓0)𝑡  +∞
𝑘=−∞ ∑ 𝐼𝑛𝑀𝑛𝑘𝑒𝑗𝛽𝑧𝑛 cos 𝜃𝑁−1

𝑛=0  () 

where: p(θ) is the radiation pattern of the array element, fp is 

the modulation frequency, f0 is the carrier frequency, k is the 

number of sideband components in the frequency domain, n 

is a number of element in the array, In represents the complex 

current excitation of the element placed in position defined 

by zn; θ is the angle, β = 2π/λ, and Mnk is k-th Fourier series 

coefficient of the modulating signal applied to n-th element, 

which can be obtained from: 

 𝑀𝑛𝑘 =  
1

𝑇𝑝
∫ 𝑚𝑛(𝑡)𝑒−2𝑖𝜋𝑓𝑝𝑡𝑑𝑡 

𝑇𝑝

2

−
𝑇𝑝

2

 (2) 

where Tp = 1/fp is the modulating period and mn(t) is the 

modulating function in the time domain applied to n-th array 

element. Therefore, radiation patterns can be shaped through 

appropriate modification of modulating functions. For 

instance, a phase progression on sideband components can 

be achieved with progressive delay Δt [22][23]. This 

parameter determines beam direction. Progressive delay is 

typically expressed as a fraction of the modulation period Tp. 

In case of the TMAA used in experiments, if Δt = 0.1Tp then 

a beam for k = −1 is directed toward θ = 12° and beam for 

k = 1 is directed toward θ = −12°; if Δt = 0.3Tp then beam for 

k = −1 is directed toward θ = 40° and beam for k = 1 is 

directed toward θ = −40° and so on. Beam for k = 0 is always 

perpendicular to the antenna (θ = 0°). The TMAA allows 

almost continuous beam-steering at sideband components. 

Beams of the TMAA are presented in Fig. 2. 

B. Experimental Setup 

Diagram of the BS-TM-MIMO system is presented in 

Fig. 3. The transmitter comprises two software-defined radio 

(SDR) units USRP-2932 interconnected with a MIMO 

expansion cable and two monopole antennas placed one 

wavelength from each other. Transmission was based on the 

spatial multiplexing method, i.e. each antenna transmits a 

signal carrying independent stream of QPSK symbols. 

The receiver includes a single SDR unit and a single 

TMAA antenna. In a common MIMO system, signals from 

two receiving antennas are required to recover two 

transmitted streams of symbols. However, in the system 

under test there was only one receiving antenna (TMAA).  

 

 
(a) 

 
(b) 

Fig. 1. TMAA used in BS-TM-MIMO experiments (a) front view of the 

antenna array (b) back view showing feeding network, two digital delay 

generators and mictrocontroller. 

 

Fig. 2. Measured beams of TMAA 

13th European Conference on Antennas and Propagation (EuCAP 2019)
Po

br
an

o 
z 

ht
tp

://
re

po
.p

w
.e

du
.p

l /
 D

ow
nl

oa
de

d 
fr

om
 R

ep
os

ito
ry

 o
f W

ar
sa

w
 U

ni
ve

rs
ity

 o
f T

ec
hn

ol
og

y 
20

23
-0

5-
24



 

Fig. 3. Diagram of BS-TM-MIMO experimental setup 

 

Fig. 4. Example of spectrum after time modulation 

The TMAA output is a signal with many spectral 

replicas, as presented in spectrum in Fig. 4. Therefore, two 

spectral replicas with different k can be used as separate 

channels. The signal from the TMAA is led to the SDR unit 

where it is downconverted, sampled, and filtered. Two 

separated spectral replicas constitute two MIMO channels 

and can be further processed by means of the Zero-Forcing 

algorithm which is commonly used in MIMO receivers. 

Diagram of the procedure is shown in Fig. 5. 

III. EXPERIMENTAL RESULTS 

Various scenarios, for differently oriented beams, were 

tested in conditions of high SNR. Signals obtained from two 

spectral replicas can be represented as follows: 

 {
𝑦1 = ℎ11𝑥1 + ℎ12𝑥2 + 𝑣1

𝑦2 = ℎ21𝑥1 + ℎ22𝑥2 + 𝑣2
 () 

or in an equivalent matrix form: 

 𝐲 = 𝐇𝐱 + 𝐯 () 

where x1 and x2 are transmitted QPSK symbols, and v1, v2 are 

noise samples. Constellation diagrams obtained in 

experimental study are shown in Fig. 6-Fig. 8. 

 

Fig. 5. Block diagram of the procedure used to obtain multiple channels 

from a time modulated signal 

   
 (a) (b) 

Fig. 6. Constellation diagrams for a) k = −1 (θ = 25°) and b) k = 0 (θ = 0°) 

   
 (a) (b) 

Fig. 7. Constellation diagrams for (a) k = −1 (θ = 12°) and (b) k = 1 

(θ = −12°) 

   
 (a) (b) 

Fig. 8. Constellation diagrams for (a) k = −1 (θ = 40°) and (b) k = 1 

(θ = −40°) 
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Since at a given time instance both x1 and x2 can take one 

of four available values, both y1 and y2 can take one of 

42 = 16 values. Therefore, there are 16 “clouds” in the 

constellation diagram for each MIMO channel, and the 

mutual positions of particular “clouds” depend on temporary 

values of channel impulse responses hij. In other words, 

unlike in a common radiocommunication system, in a MIMO 

system particular points of the constellation diagram 

represent an interference of several symbols rather than a 

single symbol. 

To recover transmitted symbols x1 and x2, one has to 

solve matrix equation (1) under a presence of noise v. To do 

so, condition number κ(H) of matrix H should be relatively 

small. Table 1 shows matrices H, as well as their condition 

numbers obtained in performed experiments. 

One can notice that κ(H) of both MIMO channels can be 

modified by changing direction of beams. For instance, the 

lowest value of κ(H) was obtained for wide steering angles 

(40°, −40°) because signals received from different 

directions are less correlated than signals received from the 

same direction. 

TABLE I.  RESULTS OF EXPERIMENT 

k1, k2 θ1, θ2 H κ(H) 

−1, 0 25°, 0° [   
4.48 + 1.69𝑖    2.89 + 6.01𝑖
4.23 + 1.27𝑖 −4.79 + 5.19𝑖

] 3.349 

−1, 1 25°, −25° [
−0.05 + 3.85𝑖     6.03 + 3.72𝑖
   4.32 + 1.23𝑖 −4.74 + 5.21𝑖

] 1.701 

−1, 1 12°, −12° [
    3.68 + 0.22𝑖    7.18 − 0.69𝑖
−3.68 + 0.69𝑖    6.14 + 3.73𝑖

] 2.276 

−1, 1 40°, −40° [
−5.24 + 3.79𝑖    1.38 + 4.71𝑖
−0.24 − 4.75𝑖    6.95 + 0.34𝑖

] 1.139 

IV. CONCLUSION 

The single RF MIMO receiver based on TMAA was 

designed and experimentally verified as a part of 2×2 MIMO 

system. The system was operating correctly proving, that 

proposed concept can be a promising candidate for low-cost 

MIMO devices. In addition, the beam-steering possibility 

allows adjustment of the channel matrix H, which in turn 

provides the opportunity of adapting the system to current 

conditions in the propagation environment. Equivalently, it is 

possible to increase MIMO gain by selecting beams with 

lowest correlation. This possibility cannot be achieved in 

other MIMO systems with single RF chain presented in the 

literature. 
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