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Massive MIMO Beamforming in Monostatic Backscatter Multi-Tag Networks

Azzam Al-Nahari , Riku Jäntti , Senior Member, IEEE, Deepak Mishra , Member, IEEE,

and Jyri Hämäläinen , Senior Member, IEEE

Abstract— This letter investigates the role of massive
multiple-input multiple-output (MIMO) in improving the spectral
and energy efficiency of monostatic backscatter communica-
tion systems, where a multiple-antenna reader aims to decode
information backscattered from multiple tags. Specifically, we
investigate the performance of the two most prominent precoders
and combiners, namely, the matched filter and zero forcing.
First, we derive capacity lower bounds for the four different
underlying transceiver design configurations. Then, asymptotic
analysis is conducted and it is shown that with perfect channel
state information, the total transmit power can be scaled down
by a factor of the square of the number of transmit antennas
without loss in the performance. To further corroborate the
practical utility of the considered massive MIMO multi-tag
setting, the optimization of the backscatter coefficients for sum
rate maximization and the effect of imperfect channel state
information are also considered.

Index Terms— Monostatic backscatter communications,
massive MIMO, beamforming, sum rate.

I. INTRODUCTION

W ITH the emergence of Internet-of-Things (IoT) net-
works, one of the key challenges is the limited service

lifetime of the IoT devices. Backscatter communications have
been considered a promising technology that can help in
sustaining the IoT devices and enhancing network lifetime [1].
There are mainly three types of backscatter communications:
monostatic, bi-static, and ambient backscattering [2]. The
major bottlenecks for these techniques are the limited com-
munication range and low achievable rates [3]. The work
in [4] investigated a numerical approach to maximize the sum-
backscattered rate to multi-antenna reader by jointly optimiz-
ing the transceiver design at the reader and the backscattering
coefficients at the tags, assuming perfect channel state infor-
mation (CSI) at the reader. Channel estimation of monostatic
backscattering setup for single tag was studied in [5].

Massive multiple-input multiple-output (MIMO) is consid-
ered a key technology for next generation wireless networks
with various scenarios [6]. The spatial multiplexing gain of
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massive MIMO is crucial to spatially multiplex a large number
of distributed devices and energy efficiency is important for
power-limited devices [7]. The work in [8] studied energy
beamforming in massive MIMO backscatter communication
systems. However, the objective of the mentioned work is
the wireless power transfer (WPT) by leveraging the retrodi-
rectivity of the large antenna elements and backscattering
at the energy receivers. The potential of massive MIMO in
improving the spectral and energy efficiency of backscatter
communications has not been investigated yet in the literature.

In this letter, we will have a first look at the role of massive
MIMO in monostatic multi-tag backscatter communications.
The performance of matched filter (MF) and zero forcing (ZF)
precoders and combiners in terms of the sum rate is studied.
The contribution of this work is summarized as follows.

1) This letter is one of the early attempts to investigate
the performance gain of massive MIMO beamforming in
multi-tag backscatter communication systems. We inves-
tigate four different transceiver design configurations
using MF and ZF beamforming techniques.

2) We derive tight closed-form capacity lower bounds on
the achievable backscattered sum rate for the different
beamforming schemes to highlight the effect of the
different system parameters on the performance.

3) We present asymptotic analysis for these derived capac-
ity expressions to shed novel key insights on massive
MIMO based improvements in terms of spectral and
energy efficiency of the multi-tag backscattering sys-
tems. In particular, we show that when the number
of transmit antennas, as denoted by M , grows without
bound, by using perfect CSI at the reader, we can scale
down its transmit power by a factor of M2.

4) To maximize backscattered rate, we derive the optimal
backscattering coefficients at the tags for the different
schemes and verify the proposed analytical claims via
extensive simulations.

II. SYSTEM AND CHANNEL MODELS

We consider a monostatic backscatter communication sys-
tem as shown in Fig. 1, which consists of a reader R equipped
with M antennas and K single-antenna tags. The k-th tag
is denoted by Tk , with k ∈ Φ � {1, 2, . . . ,K}. The tags
are assumed to be uniformly distributed over a square of
length 2R and R is placed in the center. The channel fading
matrix from R to the K tags is denoted as H ∈ CM×K ,
where the k-th column vector hk ∼ CN (0M×1, βkIM )
represents the channel fading from R to Tk . The parameter
βk represents the large-scale path loss of Tk −R link. In this
letter, we have assumed that the CSI is available at R. In case
of passive or semi-passive tags, channel estimation can be
done at R using backscattering during the training phase [5].
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Fig. 1. Illustration of a massive MIMO monostatic backscatter communica-
tion system.

The effect of imperfect CSI on the performance is discussed
in Section IV-C. In the following, the superscripts ∗, T, and
H denote the conjugate, transpose, and conjugate transpose,
respectively.

The reader transmits a single carrier signal s to power up
the K tags concurrently, where E[

∣∣s∣∣2] = 1, by assigning each

tag Tk a precoding vector fk ∈ CM×1, k ∈ Φ. The reflected
data symbols from the tags are then spatially separated at R
with the aid of K linear decoding vectors gi∈ CM×1,
i ∈ Φ, where gk is used for decoding Tk ’s message. Moreover,
the receiver at R is assumed to operate in full duplex mode.1

The received baseband signal at Tk is expressed as

yTk
=

√
PhT

k x + nTk
, (1)

where P is the total transmit power budget at R and nTk
∼

CN (0, σ2
T ) is the additive white Gaussian noise (AWGN) at

Tk . x = 1√
ψ

∑K
i=1fis is the M×1 transmitted vector, obtained

by applying the precoding vectors fi , ∀i ∈ Φ to the carrier
signal s, and ψ is a long-term normalization factor that ensures
E[�x�2] = 1. Equivalently, we can write

ψ = E

[∥∥ ∑
i∈Φ

fi
∥∥2

]
= E

[
Tr

(
FHF

)]
, (2)

where F � [f1 f2 . . . fK ] ∈ CM×K .
Let bk be the effective information signal of Tk ∀k ∈ Φ,

with E[|bk |2] = αk, where αk is the reflection coefficient
of Tk .2 Noting that the backscattered noise nTk

is prac-
tically negligible compared to the power of the reflected
carrier [3], [8], the received signal at R is then given by

yR =
∑

j∈Φ
hj yTj

bj + nR

≈
√

P
ψ

∑
j∈Φ

hjhT
j bj

∑
i∈Φ

fisi + nR, (3)

where nR ∼ CN (0M×1, σ
2
RIM ) is the AWGN at R. After

applying the linear detection matrix G = [g1 g2 . . . gK ] ∈
CM×K , we get

ŷR = GHyR. (4)

1Note that as the reader R transmits unmodulated single carrier signal,
the receiver can easily decouple its own self-jamming carrier, which is a
commonplace in the literature [5], [9], [10], [11, Sec. V], and is considered
in our work in this letter.

2The standard Shannon capacity formula used in this letter assumes that the
tag uses a Gaussian codebook with constrained mean reflected power αk [4],
which is assumed to incorporate a reflection amplifier as studied in [12].

From the k-th element of ŷR, the received signal-to-
interference-and-noise ratio (SINR) of Tk can be obtained as

γa,b
Rk

=
αk

∣∣gH
k hk

∣∣2 ∑
i∈Φ

∣∣hT
k fi

∣∣2
∑

j∈Φk
αj

∣∣gH
k hj

∣∣2 ∑
i∈Φ

∣∣hT
j fi

∣∣2 + ψσ2
R
P �gk�2

, (5)

where a, b ∈ {MF,ZF} denotes the precoder/combiner and
Φk � Φ\{k} = {1, 2, . . . , k − 1, k + 1, k + 2, . . .K}. The
average rate of Tk is given as

Ra,b
k = E

[
log2

(
1 + γa,b

Rk

)]
. (6)

Using Jensen’s inequality, a lower bound on Ra,b
k is given by

Ra,b
k ≥ Ra,b

k = log2

(
1 +

(
E[1/γa,b

Rk
]
)−1

)
. (7)

Finally, the the resulting backscattered sum rate is given as

Ra,b
sum =

∑
k∈Φ

Ra,b
k . (8)

III. CAPACITY LOWER BOUNDS FOR MATCHED FILTER

AND ZERO FORCING PRECODERS AND COMBINERS

In this section, we derive capacity lower bounds for
MF and ZF precoders and combiners, which are given below
in (9) and (10), respectively

F =
{ H∗ forMF (9a)

H∗ (
HTH∗)−1

for ZF (9b)

G =
{ H forMF (10a)

H
(
HHH

)−1
for ZF (10b)

A. MF Precoder and MF Combiner (MF-MF)

In this case, from (2) and (9a), we get ψ = M
∑

i∈Φ βi.
Using (9a) and (10a) in (5), and using asymptotic massive
MIMO expressions [8], [13], i.e., 1

M

∥∥hj

∥∥4 → (M +1)β2
j and

1
M

∣∣hT
j h∗

i

∣∣2 → βjβi ( ∀i 
= j), it can be shown that

γMF,MF
Rk

=
αkθk �hk�2

∑
j∈Φk

αjθj
∣∣ hH

k

�hk�hj

∣∣2 + σ2
R
P

∑
i∈Φ βi

, (11)

where θm = (M + 1)β2
m + βm

∑
i∈Φm

βi. From (7) and (11),
and following similar steps as those for proving
Proposition 2 in [7], a lower bound on RMF,MF

k is derived as

RMF,MF
k = log2

(
1 +

αkβkθk(M − 1)∑K
j∈Φk

αjβjθj + σ2
R
P

∑
i∈Φ βi

)
. (12)

B. MF Precoder and ZF Combiner (MF-ZF)

With ZF combiner, GHH = IK . Thus, gH
k hi = 1 when

i = k, and zero otherwise. Substituting these results in (5)
and using the asymptotic expressions before (11), we get

γMF,ZF
Rk

=
αkθkP

σ2
R

∑K
i=1 βi. �gk�2

. (13)
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Using (7), a lower bound on RMF,ZF
k can be obtained as

RMF,ZF
k = log2

(
1 +

αkθkP

σ2
R

∑
i∈Φ βiE

[
(HHH)−1]

kk

)

= log2

(
1 +

αkβkθk(M −K)P
σ2
R

∑
i∈Φ βi

)
, (14)

where the last equality is obtained since E
[(

HHH
)−1]

kk
=

1
βk

E
[(

ZHZ
)−1]

kk
= 1

Kβk
E
[(

ZHZ
)−1] (a)

= 1
(M−K)βk

, where
Z has i.i.d CN (0, 1) entries. Equality (a) is obtained because
ZHZ is a central complex Wishart matrix [14, Lemma 2.10].

C. ZF Precoder and ZF Combiner (ZF-ZF)

In this case, ψ = E
[
Tr

(
HTH∗)−1]

. From [14], we see

ψ =
�

i∈Φ
1

βi

(M−K) . Substituting (9b) and (10b) in (5), we get

γZF,ZF
Rk

=
αk (M −K)P

σ2
R

∑
i∈Φ

1
βi
. �gk�2 . (15)

As in (14), a lower bound on RZF,ZF
k is obtained as

RZF,ZF
k = log2

(
1 +

αkβk(M −K)2P
σ2
R

∑
i∈Φ

1
βi

)
. (16)

D. ZF Precoder and MF Combiner (ZF-MF)

The SINR of the ZF-MF scheme can be written as

γZF,MF
Rk

=
αk �hk�2

∑
j∈Φk

αj
∣∣ hH

k

�hk�hj

∣∣2 +
σ2
R
�

i∈Φ
1

βi

(M−K)P

. (17)

Following similar steps as those for obtaining (12), we get

RZF,MF
k = log2

(
1 +

αkβk(M − 1)∑
j∈Φk

αjβj + σ2
R
P

�
i∈Φ

1
βi

(M−K)

)
. (18)

IV. ASYMPTOTIC ANALYSIS AND OPTIMIZATION

In this section, we provide implications of the derived
results, and conduct asymptotic analysis when M grows
without bounds. This reveals massive MIMO capabilities in
improving the spectral and energy efficiency of backscatter
systems. The optimal backscatter coefficients are also derived.

A. Implications and Asymptotic Analysis

1) Spectral Efficiency Comparison: It can be noted
from (14) and (16) that the achievable rates of MF-ZF and
ZF-ZF schemes are proportional with (M + 1)(M − K)
and (M − K)2, respectively. This is not the case with
MF-MF and ZF-MF, as seen from (12) and (18). Therefore,
the performance is expected to be much better considering
ZF combiner rather than MF as M increases. On the other
hand, with fixed M and asymptotic low SNR values in (12)
and (18), the interference terms in the denominator can be
neglected compared to the AWGN. Therefore, MF-MF and
ZF-MF schemes are expected to achieve comparable perfor-
mance in this SNR regime.

2) Asymptotic Power Efficiency: Let us consider the case
when M → ∞, and assume that the total power P is scaled
such that P � p

M2 . Defining Ra,b
k,∞ � lim

M→∞
Ra,b
k (p), we get

RMF,MF
k,∞ = RMF,ZF

k,∞ = log2

(
1 +

αkβ
3
kp

σ2
R

∑
i∈Φ βi

)
, (19)

RZF,ZF
k,∞ = RZF,MF

k,∞ = log2

(
1 +

αkβkp

σ2
R

∑
i∈Φ

1
βi

)
. (20)

To get more insight, and without loss of generality, consider
that all tags has the same large scale fading β. Then, the rates
in (19) and (20) will be Ra,b

k,∞ = log2

(
1 + αkβ

2p
σ2
RK

)
, ∀a, b ∈

{MF,ZF}. This last equation implies that with perfect CSI
and M → ∞, the performance of backscatter multi-tag
massive MIMO system with total transmit power of p

M2 at R is
equal to the performance of single-input single-output (SISO)
system with transmit power of p

K for each tag, without any
interference and without fast fading. In other words, by using
large number of transmit antennas, we can scale down the
transmit power at R by a factor M2, and at the same time
increase the spectral efficiency K times by serving K tags in
the same time-frequency resource.

B. Optimization of Backscattering Coefficients at the Tags

For a given number of tags K , and defining α =
[α1 α2 . . . αK ]T, the optimization problem that maximizes
the sum rate for the reflection coefficients can be written as

O1 : maximize
α

Ra,b
sum; s. t. : αmin ≤ αk ≤ αmax, ∀k ∈ Φ,

where αmin ≥ 0 and αmax ≤ 1 [15]. It is clear from (8), (14),
and (16) that RMF,ZF

sum and RZF,ZF
sum are monotonically increas-

ing in each αk, ∀k ∈ Φ. Therefore, the optimal backscatter
coefficients for ZF-MF and ZF-ZF are α�k = αmax, ∀k ∈ Φ.

However, O1 is not convex for MF-MF and ZF-MF. There-
fore, we will consider asymptotic optimization for both low
and high SNR. The underlying results are given in Lemma 1.

Lemma 1: For MF-MF and ZF-MF, under low-SNR regime,
the optimal backscatter coefficient for each tag Tk is α�k =
αmax, and under high-SNR, α�k is characterized by binary
power allocation, i.e., either α�k = αmax or α�k = αmin.

Proof: For low SNR setting, as the backscattered
signals from the interfering tags is relatively very low
in comparison to the received AWGN, we can use the
approximations

∑K
j∈Φk

αjβjθj + σ2
R
P

∑
i∈Φ βi ≈

σ2
R
P

∑
i∈Φ βi

and
∑
j∈Φk

αjβj + σ2
R

(M−K)P

∑
i∈Φ

1
βi

≈ σ2
R

(M−K)P

∑
i∈Φ

1
βi

in (12) and (18), respectively. As a result, the corresponding
bounds are monotonically increasing in each αk, or α�k =
αmax, ∀k ∈ Φ. For high SNR setting, it can be inferred from
(12) and (18) that the rates saturate as P

σ2
R

→ ∞. Therefore, for

a ∈ {MF,ZF} and b = MF, and over the range of high P
σ2
R

values, we can use the approximation log2(1+γa,b
Rk

) ≈ ξkγ
a,b
Rk

,

where ξk is constant. Thus, Ra,b
sum ≈

∑
k∈Φ ξkγ

a,b
Rk
. Now,

it can be easily shown that ∂2Ra,b
sum

∂α2
k

> 0, and hence Ra,b
sum

is strictly convex in αk. As the maximum value of a convex
function lies at the corner points of its underlying variable
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defined under the box constraints, we conclude that α�k takes
the values either αmax or αmin.

C. Effect of Imperfect Channel State Information Knowledge

In this letter, we considered that perfect CSI is available at
R and focused on finding performance bounds and optimizing
the reflection coefficients at tags. However, in practice, channel
estimation techniques need to be designed to obtain CSI.
This is particularly challenging in backscatter communica-
tion systems where passive and semi-passive tags cannot
actively transmit pilot signals to the reader. In [5], chan-
nel estimation techniques were proposed for the monostatic
backscatter communication system with multi-antenna reader
and single-antenna tag. Using the tag switching based pilot-
signal backscattering from the tags [16], where only one tag
is active during a sub-phase of the channel estimation phase,
we can obtain the estimate for each hk as ĥk.

Now, we consider the case that R has imperfect knowledge
of hk for each Tk . Thus, ĥk can be modeled as [17]

ĥk =
√

1 − η2hk + η
√
βkzk , ∀k ∈ Φ (21)

where zk ∼ CN (0M×1, IM ) accounts for channel estimation
errors independent of hk, and 0 � η � 1 is a CSI parameter
that indicates the quality of the instantaneous CSI, i.e., η = 0
corresponds to perfect instantaneous CSI and η = 1 corre-
sponds to having only statistical channel knowledge.

It should be noted that capacity lower bounds and asymp-
totic analysis for the imperfect CSI case can be derived fol-
lowing similar steps as those presented in Sections IV and V,
respectively, and using the estimated channel vector ĥk for
each Tk instead of hk. However, due to limited space,
a detailed discussion will be considered as an extension of
our proposals in this letter in future work. In the next section,
the effect of imperfect CSI will be investigated via simulation
study, as considered in [4], [17], [18].

V. NUMERICAL RESULTS

In this section, we numerically evaluate the performance of
the proposed schemes. Unless otherwise stated, we set P =
30dBm and σ2 = −140dBm. As in [4], we consider αmin =
0.01 and αmax = 0.078. βk = 
d−ϑk , where 
 = (3×108

4πf )2 is
the average channel attenuation at unit reference distance with
f = 915MHz [5] being the transmit frequency, dk is the R to
Tk distance, and ϑ = 3 is the path loss exponent.

In Fig. 2, the sum rate is plotted versus M for the different
scenarios. It is seen that the performance when using ZF as a
combiner outperforms that when using MF. This is because
using ZF combiner can eliminate the inter-tag interference
received at R. Note that ZF-ZF outperforms MF-ZF at high
values of M . Note also that the simulation results match well
with the numerical results of the derived lower bounds.

Fig. 3 depicts the sum rate against different effective
backscattered SNR γ � Pβ̄2

σ2
R

values, with β̄2 � 1
K

∑
i∈Φ β

2
i .

As shown, for MF-MF and ZF-MF, the rate gradually
increases with γ before it saturates, whereas, for MF-ZF
and ZF-ZF, it increases indefinitely with γ. The effect of
optimizing the backscatter coefficients is also shown, where
full reflection mode (i.e., αk = αmax) achieves the optimal

Fig. 2. Lower bounds and numerically evaluated values of the sum rate of
the different schemes for different values of M ; K = 10 and R = 100.

Fig. 3. Sum rate of the different schemes versus the backscattered SNR

γ � Pβ̄2

σ2 with M = 100, K = 10, and R = 100m.

Fig. 4. Sum rate of the different schemes versus the number of antennas M ,
with P � p

M2 , K = 10, R = 100m, and pβ̄2

σ2 = 20dB.

performance for MF-ZF and ZF-ZF, as expected. On the
other hand, with MF-MF and ZF-MF, binary power allocation
achieves the optimal performance. For instance, with ZF-MF,
it can achieve up to 25% gains in the sum rate with respect
to full reflection mode. Fig. 3 shows also a performance
comparison with a benchmark beamforming technique pro-
posed in [4], where transmit precoder, receive combiner, and
backscattering coefficients are jointly obtained via numerical
search and iterative algorithms. Although this joint optimiza-
tion provides better performance, our schemes have closed-
form expressions giving analytical insights and has relatively
very low complexity which is very important for backscatter
communications.

Then, we show the effect of massive MIMO in enhancing
the energy efficiency. Fig. 4 shows the sum rate versus M ,
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Fig. 5. Sum rate of the different schemes versus the square field
dimension R (m), with M = 200 and K = 20.

Fig. 6. Sum rate of the different schemes versus the CSI parameter η, with
M = 100, K = 10, and R = 100m.

for P = p
M2 , where p is chosen such that pβ̄2

σ2
R

= 20dB.
Note that, when M increases, the rates approach constant
values as defined in (19) and (20), although the decrease in P .
These results confirm the theoretical results in Section IV-A,
that we can scale down the transmit power at R by a
factor of M2. Note also that ZF precoder fails to achieve
satisfactory sum rate, in contrast to MF precoder, where
MF-ZF achieves the best performance when considering the
energy efficiency.

Fig. 5 shows the effect of increasing the service area on
the performance. It is seen that the MF-ZF achieves the best
performance over all range. Interestingly, although MF-MF
and ZF-MF have low performance at low R, they achieve
comparable performance when R > 180m. This confirms the
results at low SNR as illustrated in Section IV-A.

Finally, the effect of channel estimation errors on the
performance of the proposed beamforming schemes is studied.
Fig. 6 shows the sum rate of the different schemes as a
function of η. It is clear that MF-ZF achieves the best
average improvement at η = 0. However, this performance
enhancement of MF-ZF scheme diminishes with increasing η,
where ZF-ZF achieves the best performance over the values
up to η = 0.7. In particular, the performance gain of ZF-ZF
over MF-ZF, ZF-MF, and MF-MF decreases from 21%, 55%,
and 93% for η = 0.2 to 13%, 17%, and 41% for η = 0.5 to
zero for η =1. Thus, relatively accurate CSI is required to be
available at R in order to achieve the full potential of the
proposed beamforming schemes.

VI. CONCLUDING REMARKS

This letter investigated the performance of MF and
ZF beamformers in multi-tag massive MIMO monostatic
backscatter networks. We derived capacity lower bounds for
the different precoding and combining scenarios. The optimal
backscattering coefficients that maximize the sum rate are
also derived. It was concluded that whereas high spectral
efficiency is desired, MF-ZF and ZF-ZF outperform MF-MF
and ZF-MF schemes. However, when the energy efficiency
is of more concern, MF-MF and ZF-MF achieve comparable
performance. Moreover, MF-ZF was shown to achieve the best
performance when both high spectral and energy efficiency is
required.
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