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Abstract—Massive MIMO has shown the great potential in
improving the achievable rate with a very large number of
antennas. However, several critical challenges in designing the
analog front-end and coordinating the large-scale antenna array
have to be carefully addressed. Does there exist an alternative that
can achieve similar system performance to massive MIMO with a
simpler design? In this paper, we show that by using time-reversal
approach, with a sufficiently large bandwidth, one can har-
vest massive multipaths naturally existing in the rich-scattering
environment to form a large number of virtual antennas to
achieve the desired massive MIMO effect with a single antenna.
We analyze the expected achievable rate of the time-reversal
system with MMSE waveform. Furthermore, the corresponding
asymptotic achievable rate under a massive multipath setting is
derived. Experiment result based on real channel measurements
shows that, even with only a single antenna, the time-reversal
wideband system can achieve comparable performance as the
massive MIMO system in terms of expected achievable rate.

I. INTRODUCTION

According to the most recent Cisco Visual Networking In-
dex (VNI) annual report [1], the global mobile data traffic grew
74% in 2015. The demand for supporting the fast-growing
consumer data rates urges the wireless service providers and
researchers to seek a new efficient 5G technology. Massive
multiple-input multiple-output (MIMO) is one of “big three”
5G technology [2], which can offer multi-fold benefits such
as enormous enhancement in spectral efficiency and power
efficiency [3]–[5].

However, several critical challenges must first be addressed.
One of the significant challenges is about the analog front-end
design, for example, each tiny antenna needs its own power
amplifier and ADC. The researchers in Lund University built a
100-antenna MIMO prototype, and the size is 0.8×1.2×1 m
with 300kg weight and 2.5kW average power consumption [6].
Considering the challenges of massive MIMO in arranging and
coordinating the large scale antenna array, a natural question
to ask is: does there exist a good alternative that can achieve
similar system performance to massive MIMO with a simpler
implementation? The answer is yes and the time-reversal
(TR) signal processing is potentially a counterpart of massive
MIMO in 5G communications.

The straightforward approach to realize the massive MIMO
effect is through utilizing an excessive amount of physical
antennas. On the other hand, it is well known that radio signals

will experience many multipaths due to the reflection from
various scatters, especially in indoor environment. Through
time-reversing the channel response as the waveform, TR can
create a focusing effect, which in essence is a spatial-temporal
resonance effect that brings the signal on all the multipaths
to arrive at a particular location at a specific moment. Such
a phenomenon allows us to utilize the naturally existing
multipaths as virtual antennas to be an alternative approach
to realize massive MIMO effect even with a single antenna.
As shown in Fig. 1, TR inherently treats the multipaths in the
environment as virtual antennas, similar to MIMO that uses
multiple antennas for better spatial multiplexing. In essence,
if cooperation of users, e.g. cooperative communications, is a
distributed way of achieving MIMO effect of high diversity,
then TR is similarly a cooperation of virtual antennas to
achieve the massive MIMO effect. The TR waveform is
nothing but to control each multipath (virtual antenna) to
achieve a desire effect. Of course, what cooperation pays for is
the spectral efficiency loss due to the time used for distributed
processing, in return for the diversity effect.

TR technique was first introduced to compensate the delay
distortion on wired transmission lines [7]. More recently, TR
has drawn more attention from researchers in the wireless
communications field [8]–[18]. In order to harvest the multi-
paths, the transmit power and bandwidth can be utilized. Based
on the real indoor ultra-wide-band (UWB) channel measure-
ment in [19], around 60-80 independent multipaths can be re-
vealed with a sufficiently large bandwidth. At mmWave band,
there still exists a large amount of multipaths indicated by the
large delay spread, which is essential for TR communication
[20], [21]. Compared with increasing the spectral efficiency,
it becomes more important to reduce complexity, total energy
consumption and offer other benefits for 5G communication
given the potential large bandwidth [2], [22]. Therefore, TR
technology is a promising candidate for future communication.

In this paper, we propose a TR technique as an alternative
approach to realize massive MIMO effect with much low-
er complexity. By harvesting the massive multipath in the
rich-scattering environment, TR can achieve a similar quasi-
orthogonal property of channels in massive MIMO system,
which is defined as the TR massive multipath effect. With
the massive multipath, the focusing ball of TR will shrink
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(a) massive MIMO (b) TR system

Fig. 1. Comparison between massive MIMO system and TR system

to pinpoint so that two nearby receivers can be supported
simultaneously with tiny interference. Through the experiment
with real indoor measurements, we show that a TR wideband
system can achieve comparable achievable rate as the massive
MIMO system with a single antenna.

The rest of this paper is organized as follows. We first
discuss the system model in Sec. II. In Sec. III, we demonstrate
that a TR Massive Multipath Effect can be achieved in a
multipath-rich environment, which is similar to the quasi-
orthogonal property of channels in massive MIMO. In Sec. IV,
the asymptotic expected achievable rate of the TR system with
MMSE waveform is investigated. Experiment results based on
real channel measurements are discussed in Sec. V. Finally,
Sec. VI concludes the paper.

II. SYSTEM MODEL

In this paper, we consider a TR downlink system where
one transmitter simultaneously communicates with 𝑁 distinct
receivers through the time-reversal division multiple access
(TRDMA) technique [11]. We assume that both the transmitter
and receivers are equipped with one single antenna.

Suppose there are totally 𝐾𝑚𝑎𝑥 independent multipaths
from the transmitter to the 𝑗𝑡ℎ receiver and let 𝑊 be the
bandwidth of the TR system. Then a 𝐿-tap channel with
𝐿 = 𝑟𝑜𝑢𝑛𝑑(𝜏𝐶𝑊 ) can be resolved for the link between the
transmitter and the 𝑗𝑡ℎ receiver as follows

h𝑗 =
[
ℎ𝑗,1, ℎ𝑗,2, ⋅ ⋅ ⋅ , ℎ𝑗,𝐿

]𝑇
, (1)

where (⋅)𝑇 stands for transpose operation, 𝜏𝐶 represents the
channel delay spread, ℎ𝑗,𝑖 is the complex channel gain of the
𝑖𝑡ℎ tap, and ℎ′𝑗,𝑖𝑠 are independent for all 𝑖 ∈ [1, 𝐿] and 𝑗 ∈
[1, 𝑁 ].

Suppose that there are 𝐾 non-zero elements in the 𝐿-
tap channel h𝑗 . When the bandwidth 𝑊 is small, all ele-
ments in h𝑗 are generally non-zero, i.e., 𝐾 = 𝐿. On the
other hand, when 𝑊 is sufficiently large, there are at most

+

Fig. 2. TRDMA System

𝐾 = 𝐾𝑚𝑎𝑥 < 𝐿 non-zero elements in h𝑗 . Let 𝜙𝐾𝑚𝑎𝑥
be the

non-zero multipath set, which reflects the physical patterns of
scatters distribution in the environment. Then, ℎ𝑗 [𝑘] = 0 for
𝑘 ∕∈ 𝜙𝐾𝑚𝑎𝑥

, and for 𝑘 ∈ 𝜙𝐾𝑚𝑎𝑥
, ℎ𝑗 [𝑘] is a complex random

variable with zero mean and variance 𝜎2𝑘.
The TRDMA system architecture is shown in Fig. 2, where

𝑋𝑗 and g𝑗 represent the information symbol and waveform of
the 𝑗𝑡ℎ receiver. Moreover, 𝐷 stands for the backoff factor to
suppress the ISI. Then, at the receiver side, the 𝑗𝑡ℎ receiver
simply scales the received signal and down-samples it to obtain
the estimated signal 𝑌𝑗 as follows

𝑌𝑗 [𝑘] = H
( 𝐿
𝐷 )

𝑗 g𝑗𝑋𝑗 [𝑘 − 𝐿

𝐷
] +

∑(2𝐿−1)/𝐷

𝑙=1,𝑙 ∕=𝐿/𝐷
H

(𝑙)
𝑗 g𝑗𝑋𝑗 [𝑘 − 𝑙]

+
∑(2𝐿−1)/𝐷

𝑙=1
H

(𝑙)
𝑗

(∑𝑁

𝑖=1,𝑖∕=𝑗
g𝑖𝑋𝑖[𝑘 − 𝑙]

)
+ 𝑛𝑗 [𝑘],

(2)

where H
(𝑚)
𝑗 is the 𝑚𝑡ℎ row of the (2𝐿−1)/𝐷×𝐿 matrix H𝑗

decimated by rows of Toeplitz matrix, which can be written



H𝑗 =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ℎ𝑗 [𝐷] ℎ𝑗 [𝐷 − 1] ⋅ ⋅ ⋅ ℎ𝑗 [1] 0 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0
ℎ𝑗 [2𝐷] ℎ𝑗 [2𝐷 − 1] ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ℎ𝑗 [1] 0 ⋅ ⋅ ⋅ 0

...
...

. . .
. . .

. . .
. . .

. . .
...

ℎ𝑗 [𝐿] ℎ𝑗 [𝐿− 1] ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ℎ𝑗 [1]
...

...
. . .

. . .
. . .

. . .
. . .

...
0 ⋅ ⋅ ⋅ 0 ℎ𝑗 [𝐿] ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ℎ𝑗 [𝐿−𝐷 + 1] ℎ𝑗 [𝐿− 2𝐷]
0 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0 ℎ𝑗 [𝐿] ⋅ ⋅ ⋅ ℎ𝑗 [𝐿−𝐷 + 1] ℎ𝑗 [𝐿−𝐷]

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
. (3)

in (3), and thus H
( 𝐿
𝐷 )

𝑗 is the time-reversed channel, i.e.,

H
( 𝐿
𝐷 )

𝑗 =
[
ℎ𝑗 [𝐿], ℎ𝑗 [𝐿− 1], ⋅ ⋅ ⋅ , ℎ𝑗 [1]

]
. (4)

III. TR MASSIVE MULTIPATH EFFECT

Similar to the quasi-orthogonal property in massive MIMO
given an excessive amount of antennas [5], the multipath
profile of different users in the TR system will also be
orthogonalized given massive independent multipaths, which
we call the TR Massive Multipath Effect (TRMME).

Theorem 1 (Time-Reversal Massive Multipath Effect):
When 𝐾𝑚𝑎𝑥 is sufficiently large, with the asymptotic setting
that 𝑊 → ∞ to resolve all the multipaths, we have{

[QQ†]𝑚,𝑛
𝑑→ 0, if 𝑚 ∕= 𝑛

[QQ†]𝑚,𝑚

𝜆𝑚

𝑑→ 1, otherwise
, (5)

where Q = [H𝑇
1 ,H

𝑇
2 , ⋅ ⋅ ⋅ ,H𝑇

𝑁 ]𝑇 ,
𝑑→ represents the conver-

gence in distribution, and 𝜆𝑚 = ∥h𝑗∥2 if 𝑚 = (𝑗 − 1)(2𝐿 −
1)/𝐷 + 𝐿/𝐷.

Proof. In a massive multipath environment, 𝐾𝑚𝑎𝑥 is suf-
ficiently large but finite. To reveal all the multipaths, we
consider the asymptotic setting that 𝑊 → ∞. Notice that
every element in QQ† is the sum of multiple independent
variables, which converges to a Gaussian random variable
in distribution in the asymptotical scenario based on the
central limit theorem. Since Gaussian random variable is only
determined by the first and second moment and obviously each
element in QQ† has zero mean, we only need to prove the
largest variance of the off-diagonal elements will converge to
zero.

Based on the definition of Q, we can directly obtain[
QQ†]

𝑙𝑗 ,𝑙𝑗
= H

( 𝐿
𝐷 )

𝑗 H
( 𝐿
𝐷 )†

𝑗 = ∥h𝑗∥2, (6)

where [⋅]𝑚,𝑛 represents the element in the 𝑚𝑡ℎ row and the
𝑛𝑡ℎ column of the matrix.

Then, we prove that QQ† is diagonal by examining the
off-diagonal elements. Considering each off-diagonal matrix
H𝑖H

†
𝑗 (∀𝑖 ∕= 𝑗), we can see that each element of H𝑖H

†
𝑗 ,[

H𝑖H
†
𝑗

]
𝑚,𝑛

= H
(𝑚)
𝑖 H

(𝑛)†
𝑗 , is the sum of multiple indepen-

dent random variables. Therefore, when 𝐾𝑚𝑎𝑥 is sufficiently
large,

[
H𝑖H

†
𝑗

]
𝑚,𝑛

can be regarded as a Gaussian random

variable, whose distribution is completely determined by the
first and the second moment.

Based on the independence among the channel taps and
distinct receivers, it is obvious that H(𝑚)

𝑖 H
(𝑛)†
𝑗 has zero mean.

While the second moment can be upper bounded as

𝔼

[
∣H(𝑚)

𝑖 H
(𝑛)†
𝑗 ∣2

]
≤

(∑𝐾𝑚𝑎𝑥

𝑘=1
𝜎2𝑘

)2

/𝐿, (7)

which comes from the fact that the 𝐾𝑚𝑎𝑥 multipaths are
randomly distributed in the 𝐿-tap channel and thus

𝔼
[∣ℎ𝑗(𝑚)∣2] = 𝔼

[∣ℎ𝑗(𝑛)∣2] = ∑𝐾𝑚𝑎𝑥

𝑘=1
𝜎2𝑘/𝐿, ∀𝑚,𝑛.

(8)
Due to the path loss attenuation, 𝜎2𝑘 ≤ 1, which mean-

s that
∑𝐾𝑚𝑎𝑥

𝑘=1 𝜎2𝑘 ≤ 𝐾𝑚𝑎𝑥. Under the asymptotic setting
that 𝑊 → ∞, 𝐿 → ∞ according to the definition that
𝐿 = 𝑟𝑜𝑢𝑛𝑑(𝜏𝐶𝑊 ). Since 𝐾𝑚𝑎𝑥 is finite, 𝐾2

𝑚𝑎𝑥/𝐿 → 0 as
𝑊 → ∞, i.e., (8) goes to 0. Based on zero mean and (7), we
can conclude that

lim
𝑊→∞

[
H𝑖H

†
𝑗

]
𝑚,𝑛

= 0, ∀𝑚,𝑛, and 𝑖 ∕= 𝑗. (9)

Next, let us examine the diagonal submatrix H𝑗H
†
𝑗 of QQ†.

Similarly, each element
[
H𝑗H

†
𝑗

]
𝑚,𝑛

= H
(𝑚)
𝑗 H

(𝑛)†
𝑗 can be

regarded as a Gaussian variable when 𝐾𝑚𝑎𝑥 is sufficiently
large. Since H

(𝑚)
𝑗 and H

(𝑛)
𝑗 are independent when 𝑚 ∕= 𝑛,

similarly we can derive⎧⎨⎩𝔼

[
H

(𝑚)
𝑗 H

(𝑛)†
𝑗

]
= 0, 𝑚 ∕= 𝑛,

𝔼

[
∣H(𝑚)

𝑗 H
(𝑛)†
𝑗 ∣2

]
≤ (

∑𝐾𝑚𝑎𝑥
𝑘=1 𝜎2

𝑘)
2

𝐿 , 𝑚 ∕= 𝑛,
(10)

and given 𝐾2
𝑚𝑎𝑥/𝐿→ 0 as 𝑊 → ∞, we derive that

lim
𝑊→∞

[
H𝑗H

†
𝑗

]
𝑚,𝑛

= 0, ∀𝑗, and 𝑚 ∕= 𝑛. (11)

Therefore, we can conclude that QQ† is diagonal. This
completes the proof.

Based on the indoor measurements with the TR prototype
in [17], TR with a 125MHz bandwidth is capable to create a
spatial focusing ball as shown in Fig. 3. With the derived
TRMME, the focusing ball of TR naturally shrinks to a
pinpoint in a rich-scattering environment with a sufficiently
large bandwidth, which is also predicted and observed in the
massive MIMO system [4]. Therefore, the derived TRMME is
a counterpart of the massive MIMO effect in indoor scenarios.

In practice, we only need that 𝐾𝑚𝑎𝑥 is large enough to
achieve massive multipath effect. Based on the real indoor
measurement with channel sounder, we notice that the number
of the resolved multipaths in a typical indoor environment is



0 5 10 15 20 25 30 35 40 45 50
0

5

10

15

20

25

30

35

40

45

50

x−axis (mm)

y
−

a
x
is

 (
m

m
)

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Fig. 3. Spatial Focusing Ball with 125MHz Bandwidth

large enough (around 100) given a sufficiently large band-
width.

IV. ASYMPTOTIC EXPECTED ACHIEVABLE RATE

In this section, we analyze the asymptotic expected achiev-
able rate of the TR system with MMSE waveform [13], i.e.,

g𝑗 = 𝑐𝑀𝑀𝑆𝐸(Q
†Q+

1

𝑝𝑢
I)

−1

Q†e𝑙𝑗 , (12)

where 𝑐𝑀𝑀𝑆𝐸 is normalization constant, e𝑙𝑗 is an elementary
vector, I is the identity matrix, and 𝑝𝑢 is the transmitting
signal-to-noise ratio (SNR) of each user that equals to 𝑃/𝑁𝑃𝑛,
where 𝑃 is the transmit power, 𝑃𝑛 is the noise power and 𝑁
is the number of receivers. Note that (12) is derived under the
uniform power allocation in the dual uplink and thus has a
simple closed form.

By substituting (12) into the expected achievable rate de-
rived from (2) in its dual uplink format [23], the expected
achievable rate of the TR system with MMSE waveform can
be written as follows,

𝑅𝑀𝑀𝑆𝐸
𝑗 =

𝑊

𝐷
𝔼

⎡⎢⎣log2
⎛⎜⎝ 1[

(I+ 𝑝𝑢QQ†)−1
]
𝑙𝑗 ,𝑙𝑗

⎞⎟⎠
⎤⎥⎦ . (13)

When 𝐾𝑚𝑎𝑥 is sufficiently large, the asymptotic expected
achievable rate under 𝑊 → ∞, the asymptotic expected
achievable rate can be derived based on (13) and Theorem
1, which satisfies that

lim
𝑊→∞

𝑅𝑀𝑀𝑆𝐸
𝑗

𝑊/𝐷
= 𝔼

[
log2

(
1 + 𝑝𝑢∥h𝑗∥2

)]
. (14)

From (14), the TR system achieves the optimal AWGN
rate, where the ISI and IUI are completely cancelled out with
the beamforming on virtual antennas in the multipath-rich
environment.
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Fig. 4. Asymptotic performance with 𝐷 = 𝐾𝑚𝑎𝑥, 𝑁 = 6 and 𝑝𝑢 = 5dB.

V. SIMULATIONS AND EXPERIMENTS

In this section, we conduct simulations and experiments
to evaluate the expected asymptotical performance of a TR
system. We assume that the 𝑁 receivers are uniformly, ran-
domly distributed and share the same channel model with the
expected channel gain as an increasing function of the number
of independent multipaths.

A. Asymptotical Performance

We first validate our theoretical analysis in (14). The ex-
pected performance of each receiver is shown in Fig. 4 with
𝑝𝑢 = 5dB and 𝑁 = 6. The y-axis is 𝐷𝑅𝑗/𝑊 , where 𝑅𝑗

is the expected achievable rate of the 𝑗𝑡ℎ receiver, 𝐷 is the
backoff factor and 𝑊 is the system bandwidth. From Fig. 4,
we can observe that the expected asymptotical performance
using MMSE waveform converges to (14) quickly as 𝐾𝑚𝑎𝑥

increases.

B. The Number of Observable Independent Multipaths in A
Typical Indoor Environment

Achieving the asymptotic performance in (14) requires
the TR system to operate in a multipath-rich environment.
In this subsection, we investigate the number of observable
independent multipaths 𝐾 in a typical indoor environment
using real-world measurements. We demonstrate that, in a
typical office, the number of resolvable multipaths is large
with a sufficiently large bandwidth.

We use two Universal Software Radio Peripherals (USRPs)
as channel sounders to probe the channel in a typical office
room, whose floor plan is shown in Fig. 5. As shown in the
figure, the TX is placed on a grid structure with 5cm resolution
and the RX is placed at the corner. With two USRPs, we scan
the spectrum, e.g., from 4.9GHz to 5.9GHz, to acquire the
channel impulse responses with a bandwidth of 10MHz-1GHz.

We employ eigenvalue analysis to determine the value of 𝐾
for any given bandwidth 𝑊 . First, we estimate the covariance



Fig. 5. Floor Plan and Experiment Setting
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matrix of the measured channels Kℎ,𝑊 using the statistical
averaging, i.e.,

Kℎ,𝑊 =
1

𝑁

𝑁∑
𝑖=1

h𝑖,𝑊h†
𝑖,𝑊 , (15)

where h𝑖,𝑊 is the channel information obtained at the location
𝑖 with the bandwidth 𝑊 and 𝑁 = 100. Since Kℎ,𝑊 is
Hermitian and positive definite, there exists a unitary matrix
𝑈 such that

Kℎ,𝑊 = 𝑈Λ𝑈 † =
𝐿∑

𝑖=1

𝜆𝑖,𝑊𝜓𝑖𝜓
†
𝑖 , (16)

where 𝜆1,𝑊 ≥ 𝜆2,𝑊 ≥ ⋅ ⋅ ⋅ ≥ 𝜆𝐿,𝑊 and 𝐿 = 𝜏𝐶𝑊 .
In Fig. 6, we show the percentage of the captured energy 𝐸𝑙

versus the number of significant eigenvalues 𝑙, with 𝐸𝑙 defined

as 𝐸𝑙 =
∑𝑙

𝑖=1 𝜆𝑖∑𝐿
𝑖=1 𝜆𝑖

. From Fig. 6, we can see that the channel
energy is concentrated in a small number of eigenvalues when
the bandwidth is small, while spread over a large number of
eigenvalues as the bandwidth increases. In other words, the
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Fig. 7. Number of significant eigenvalues 𝐾 at different bandwidth 𝑊 .

degree of freedom 𝐾 increases as the bandwidth 𝑊 increases.
This is further confirmed in Fig. 7, where we show the number
of significant eigenvalues versus the channel bandwidth by
fixing the captured energy at 98%.

C. Comparison with Massive MIMO

In this subsection, we evaluate the expected achievable
rate of the TR system based on (13) using the real channel
measurements from channel sounder in a typical office, with
𝑊 = 1GHz. From the measurements, around 100 independent
multipaths can be resolved through eigenvalue analysis as
shown in Fig. 7. Then we compare the performance of the
TR system with that of a massive MIMO system.

We choose 𝐷 = 30 as the backoff factor used in a
TR system and compare the expected achievable rates using
MMSE waveforms to that of a genie-aided massive MIMO
system, where “genie-aided” means the interference, antenna
coupling effects and the loss due to cyclic prefix are ig-
nored. Assume the genie-aided massive MIMO system has
a bandwidth 𝑊𝑀𝑀 and 𝑀 antennas at the transmitter [3],
then the user 𝑗’s expected achievable rate can be calculated
as R𝑀𝑀

𝑗 = 𝑊𝑀𝑀𝔼

[
log2

(
1 + 𝑝𝑢∥ĥ𝑗∥2

)]
, where 𝑊𝑀𝑀 is

chosen as 20MHz according to the massive MIMO prototype
[6].

It is shown in Fig. 8 that TR system can achieve comparable
achievable rate as that of massive MIMO system in practical
indoor environment. Note that TR method pays the price
of spectral efficiency loss for the low cost and complexity
implementation for indoor communications. For example, as
shown in Fig. 9 [17], the TR prototype is a customized
software defined radio (SDR) platform for designing and
deploying TR-based communication systems. The size of the
radio is 5cm by 17cm by 23cm, the weight is about 400g, and
the power consumption is 25W. Compared with the massive
MIMO prototype built in [6], the complexity and operation
power consumption are obviously much lower. Considering
the potential wide bandwidth available in future (e.g., UWB
and mmWave band), the complexity, energy consumption and
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Fig. 8. Expected achievable rate comparison between TR and massive MIMO
systems, with 𝑊 = 1𝐺𝐻𝑧, 𝑁 = 10 and 𝐷 = 30 for the TR system, and
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Fig. 9. TR prototype

other metrics become more and more important compared with
the spectral efficiency in indoor scenarios, which makes the TR
technology a promising candidate for indoor communication.

VI. CONCLUSION

In this paper, we demonstrate that the TR can harvest
naturally existing multipaths as virtual antennas, when given
a large enough bandwidth, to offer a cost effective solution
to achieve massive MIMO effect. We also show in real
experiments that the TRMME can obtain similar achievable
rate as that of massive MIMO system using hundreds of
real antennas. When ADC technology advances, the larger
bandwidth is getting more affordable, especially at UWB band
or at the higher frequency range such as mmWave. TR offers
an excellent alternative to realize massive MIMO effect for 5G
systems, especially for indoors or environments with a large
number of multipaths. On the contrary, the straightforward
realization of massive MIMO by using hundreds of antennas
may continue to face the challenge in the hardware design.
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