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Abstract—Owing to large spectrum availability, millimeter
wave (mmWave) communications are being proposed for 5th gen-
eration and beyond networks. However, the mmWaves are easily
obstructed by objects, resulting in complete link blockage, which
is more common in indoor communication. In this study, we
propose to use the existing infrastructure of passive backscatter
devices to establish links between the access point and a blocked
legacy mobile user, with uncertain coordinates, in an indoor
mmWave communication system. We set up backscatter devices
in retro-reflective mode for the user to estimate the direction
of arrival from them. To estimate the angles, we propose an
estimator and derive its Cramer-Rao lower bound. Furthermore,
while accounting for the antenna array configuration at both
the user and the backscatter devices, we maximize the rate
support at the user by optimizing the backscatter device reflection
coefficient and the user’s steering angle. The simulation results
show that, by exploiting the backscatter devices already present
in the environment with a sufficient number of antenna elements
at the user, higher capacity is achieved as compared to that
achieved by using a fixed re-configurable intelligent surface.

Index Terms—Angle of arrival, backscatter devices, clustering,
reflection coefficient, steering.

I. INTRODUCTION

Millimeter wave (mmWave) communication system have
been proposed by 5th generation and beyond networks for
providing high data rates. mmWave communication has higher
directivity because of deployment of antenna arrays and offer
large bandwidth enabling data rates on order of gigabits [1].
Indoor wireless communication is expected to improve as
well with the use of mmWave communications. Nonetheless,
mmWave signals are easily obstructed by objects such as
walls, metals, and so on. A large number of access points
(APs) must be deployed to provide complete coverage in
indoor mmWave communications. Since, the cost of deploying
a dense network at mmWave is quite large thus, increasing
the number of APs beyond a certain limit is not feasible. To
this end, several studies have investigated the use of low cost
passive reconfigurable intelligent surfaces (RISs) to improve
indoor coverage and proposed various joint transmitter and
RIS beamforming designs to maximize spectral and energy
efficiency of the system [2], [3].

Another contemporary technology is backscatter commu-
nication that will play a crucial role in the development of
smart indoor environments in near future by connecting low-

power wireless devices. By leveraging the existing backscatter
infrastructure, the performance of an indoor mmWave commu-
nication system can be improved without incurring any extra
capital cost. The tags, when in idle mode, can be used to create
a additional line-of-sight (LoS) link at mmWave range between
the AP and the legacy user. The authors in [4] suggested
employing backscatter devices with multiple-input-multiple-
output (MIMO) systems to create an artificial rich scattering
environment. The results demonstrated enhanced system per-
formance. However, the investigation was performed at sub-6
GHz with single antenna tags, and transmitters and receivers
employed digital beamforming with an equivalent number
of RF chains as the number of antenna elements. Digital
beamforming is not preferred at the mmWave range, especially
at user end, because RF chains are power-hungry devices.

Therefore, towards achieving a low cost and low power
adaptive backscatter environment for high data rate indoor
communication at mmWaves, we consider the AP as well
as the users are equipped with a single RF chain connected
with the respective antenna array. All devices at mmWave
range, including AP, user, and tags, have several antenna
elements to combat high attenuation. Authors in [5] reported
the use of multi-antenna tags for backscatter communication
at mmWave range. A multi-antenna tag can be utilized to
direct the incoming signal from the AP to the legacy user
by optimizing the coefficients of the reflecting elements. It is
noteworthy that a tag in this scenario just reflects the incoming
signal; it does not modulate the incoming data in any way
thereby creating a virtual path between the AP and user.
Consequently, in this work the multi-antenna tags-assisted
mmWave communication system is analogous to distributed
RIS-assisted mmWave communication system, i.e, the the
multi-antenna backscatter devices operate same as small sized
RISs distributed over an area.

Furthermore, similar to RIS, the reflection coefficient vector
of multi-antenna tags can be optimized using channel state
information (CSI) or angular information estimated during
beam training [6]. However, it is computationally difficult to
estimate the exact CSI of the cascaded channel between the
AP, tag and user. Therefore, we use the angular information to
optimize the weights at the tags. For this, we need to estimate
angle ¢ between a tag and the user and the angle ¢’ between



the AP and a tag. The traditional sub-spaced based algorithms,
such as multiple signal classification (MUSIC) and estimation
of signal parameters via rotational invariance (ESPRIT), and
others are incapable of estimating the angle with a single RF
chain [7]. This is because these algorithms require the same
number of RF chains as the number of antenna elements to
determine spatial correlation. The works in [8] and [9] used
the retro-reflective property for localization and beamforming
in backscatter communication at mmWave range. When an
antenna array is configured in retro-reflective mode it reflects
the signal back in the same direction. Therefore, ¢ and ¢ can
be estimated independently at user and AP end, respectively,
without depending on the cascaded channel information. And
this information can be exchanged with tags over sub-6 GHz
for optimizing the tags’ coefficients. Moreover, the size of
the antenna array connected to a single RF chain at the AP
or/and user affects the performance of backscatter assisted
communications. This is so because with increasing array size,
the error in angle estimation decreases while the number of
effective tags falling within a beam reduces. Therefore, it is
interesting to investigate system performance at mmWaves in
relation to antenna array size. The overall contributions are:

o A novel backscatter-assisted indoor mmWave commu-
nication system is proposed and investigated, in which
AP and user are each equipped with a single RF chain
connected to an antenna array, and each passive tag has
multiple reflecting elements.

e For user with unknown coordinates, a maximum like-
lihood (ML) based angle-of-arrival (AoA) estimator is
proposed to estimate the direction of arriving signals from
all the tags that are configured in retro-reflective antenna
mode. The initial AoA estimate is obtained using orthog-
onal matching pursuit (OMP) algorithm. Thereafter, the
tags’ reflection coefficients are optimized based on the
estimated angles. Furthermore, the Cramer-Rao bound of
the estimator is also derived.

« Different methods for determining optimal beam steering
direction at the user are also investigated. Additionally,
the performance of backscatter-assisted indoor mmWave
communication system is compared to that of a single
RIS-assisted indoor mmWave communication system for
different antenna array sizes at the user.

II. SYSTEM MODEL

Consider a wideband system having an AP, a mobile user,
and T backscatter tags in a 2-dimensional scenario, as shown
in Fig. 1. The direct line-of-sight (LoS) path between the
AP and the mobile user is completely blocked by a wall.
The AP and user are equipped with a broadside uniform
linear antenna array (ULA), having N4p and Ny antenna,
respectively, placed along the y-axis. Both AP and user are
equipped with a single RF chain. The tags are distributed
homogeneously with density A tags/m?. Also, as the tags are
passive devices, each tag is assumed to have Np reflecting
elements placed along y-axis.

Let the wideband channel of bandwidth B be divided
into N, subcarriers. Let the AP transmits signal z[n| of
power P through its ULA steered at an angle 24 p, where
n={1,...,N.}. Then the signal received at the user via i'"

tag over n'" subcarrier is
yi[n] = b (Qu)H T [n]Gib(Qap)[n]z[n] + zi[n] (1)

where G;[n] is the downlink channel from AP to i*" tag
and H;[n] is the downlink channel from ‘" tag to user
over n** subcarrier. b(24p) and b(Qy) are analog steering
vector of AP steered at an angle {24p and analog combiner
of user steered at an angle Qp, respectively. z;[n] is noise
variable with distribution A'(0,02). T; € CNT*NT denotes

the reflection coefficient matrix of i* tag which is of the form
T; = diag{¢e’i1, ..., CelVinvT ]}, ()

In (2), ¢ represents the amplitude attenuation and v; ,, repre-
sents the phase shift of the m!" reflecting element of i*" tag.
The array steering vector of a ULA having N antennas at the
angle €) is given as

1 c27d’

b(Q)= —— —j2;'—fl(N—1)sinQ]T€(CN><l

VN
3)

where ) is the carrier wavelength and d’ = \./2 is the inter
element spacing. Considering only LoS path, the mmWave
channel over a subcarrier between AP and it tag, and between
it" tag and user, respectively, are

e d5e s e

Gi[n] = /NrNapgiq(n,7,)ar(¢i 4)at (0; ,) € CNT*Nar
H;[n| = \/mhiq(n, h)ag (din)af (0;1) € CNUXNT(4)

where g; and h; are Ricean distributed small scale fading gain
of AP-i*" tag channel and i*" tag-user channel, respectively.
q(n, 1) = e 727 (n=DAST j5 phase shift at n subcarrier with
delay 7. 7, and 7, are path delay of AP-i*" tag channel and *"
tag-user channel, respectively. A f is the subcarrier bandwidth,
¢ig 15 AOA at ith tag from AP, 0;,4 is angle-of-departure
(AoD) of AP to i*" tag, ¢; is the AoA at user from i*"
tag, and 6,5, is AoD of i*" tag. Here, ar(-) and ag(-) are

Wall—
l Mobile User

w

Figure 1: Illustration of backscatter-assisted mmWave communica-
tions system model with tags configured in retro-reflective mode.



respectively transmit and receive array manifold. The array
manifold of a ULA having N antennas at an angle w is as

aw)= L
)

Note, AoAs’ and AoDs’ are measured with respect to the
broadside of an ULA. Assuming that the reflecting surface of
all the tags face the user and the plane of reflecting surface of
tags lie in the plane of user’s ULA, we have ¢; p, = 0, j, = ¢;.
Similarly, ¢; 4 = 6; 4 = ¢';. Therefore, the signal received at
user from 7' tags over a subcarrier n is

sin(w) e

y[n)=b" () Z H;[n|L;Gi[n]b(Qap)z[n] + z[n]

=Nr+v/NapNyb™ (Qy) (Z higiq(n, mn)q(n, 74)

=1

ar(¢;)ar (¢:)Tiar(¢';)ar <¢’i)b<mp>w[n}) + 2[n]
(6)
Since the beams of the tags do not point to each other so
the signal bouncing from tag to another can be considered to
be very weak and is thus ignored. Therefore, the achievable
downlink rate over N, subcarriers is

- B ylnly™ ]
R= ,; N log, (1 + 2 ) . 7

In this paper, we assume that the user is mobile. Hence,
its relative location from the tags is unknown. Therefore, to
establish a link between the AP and the user we need to
optimize {T';}vi, Qap and Q. In a given indoor commu-
nication scenario, the location of AP and tags are fixed. Since
the AP has high processing capabilities therefore, for analysis
simplicity we assume that the channel G; is known a prior.
Thus, {¢';}y; for all ¢ = {1,...,T} and Q4p, are known
perfectly at the AP and tags. Hence, in this paper we only
estimate {¢;}v; and based on that optimize Qyy and {T';}v;.

IIT. LINK ESTABLISHMENT PROCEDURE

The complete link establishment process is divided into
three phases. In first phase, denoted by angle estimation phase,
all the tags are configured in retro reflective mode. Therefore,
an incident signal get reflected in the same direction. Further,
a user equipped with a ULA having Ny antenna elements
generates a narrow directional beam. Subsequently, the 27
angular area around the user is divided in S identical sectors of
angular width equal to the half power beamwidth (HPBW) of
the beam which is 2/Ny radians. In each sector, user transmit
pilot symbols that are reflected by T tags falling within the
sector. The user employs maximum likelihood estimator to
estimate the ¢; of the reflected signals from T tags.

In the second phase, denoted by feedback phase, using sub-
6 GHz control plane the user obtains unique identification
number of each tag and then feedback the estimated angle
(;Abi information to the respective tag. In the last phase, called

- 2md B T
P v (N—1) sin(w) (CNX1.

optimization phase, each tag optimizes its I'; corresponding to
the estimated ¢; and ¢/ ; to direct the incident signal from AP
to the user. Moreover, using information of estimated direction
between user and tags, the user optimizes its beam steering
direction to achieve maximum rate support. Thereafter, the
data transmission phase begins.

IV. AOA ESTIMATION

This section deals with estimation of AoA of the reflected
signals from all the tags at the user. It is not possible to use
a sub-spaced based algorithm since a ULA coupled to an RF
unit only provides one measurement. Therefore, we propose
employing an ML estimator to estimate {¢;}y; at the user
equipped with a single RF chain.

We use ULA based geometry to design the tag reflection
coefficient matrix I' based only on angular information. Then,
to reflect an incoming signal having incident angle w; to a
direction an angle w,, the phase shift of the m'" reflecting
element in T'; for i*" tag given as [8], [9]

Vim = (2rd' /X)) (m — 1)(sinw; — sinw,.). (8)

During AoA estimation phase, all tags are assumed to be
in a retro-reflective configuration, meaning that the angle of
reflection at each tag is equal to the angle of incidence, i.e.,
wy = w;. As a result, the a signal transmitted by a user at
an angle ¢ towards a tag is received back from the same
direction, providing spatial filtering and thus, I'; = (Ix,.. The
user estimates the AoA from 7' tags by sequentially estimating
AoA from T, at a time that falls within a sector s, where
s=1{1,...,S}. To estimate 75 AoAs in a sector s, the user
sweeps each sector in L directions by varying its steering angle
Q in steps of A with the sector s, i.e.,

2(s—1) 2(s—1) _

where A = 27/2°. Here, b represents the number of quanti-
zation bits.

Let the user transmit same pilot signal x of power P over all
N, subcarriers through its beam steered at an angle €; € €.
Then the RF signal received at the antenna array of i'" tag is

vi[n] = H;[n]b(Y)x. (10)

Owing to channel reciprocity, the uplink channel between
user and i*" tag is

H;[n] = /NrNuhiq(n,m,)ar(¢;)af (¢;) € CNT>*Nv
(11)
Reflected signal from all tags are received by the user using
the same beam steered at ;. Therefore, the received signal is

Ts
yi[n] =b™ () Z H![n|T;H;[n]b(W)x + 2[n]
Ts

=Nz Nyb"™ () (Z(hiQ(n,Th))QaR(@)ag(@)Fi
X aT(qSl)af(@)b(Ql)x) + Zl [’I”L]
(12)



where z;[n] ~ N(0,0?). Since T; = (In,., (12) reduces to

T,
yiln] =NrNub™ () Y " (hig(n, 74))ar (¢:)ag (6:)b(u)x

i—1

=

+ 2 [n]
(13)
It is notable that in (13) ar(¢;) = a(¢;)n=n, . Further, let
Biln] = Nr Ny (hig(n,m,))* and B[n] = [Bi[n], ... Br,[n]]".
Then

T
wln] = Yo" @aé0a” )b@B Il +l)

= " (A o (ATb()T)B[n)z + z[n].

Here A = [a(¢1),...a(¢r,)] € CMv*T= and © denotes
element wise product. Let 8 = {B[1],..., B[N} € CT-*Ne,

Then the received signal vector over all subcarriers is

yi = (b7 (Q)A © (ATb())")Ba + 2 € CVNe. (15)

Over all L steering directions in a sector sweep, the received
signal is

Y=(B"AcA"B))Br+ZcC>N-=DpB+7Z

(16)
where B = [b(€),...b(Qr)] € CMv*E and Z € CEXNe s
the noise matrix. (16) is the sum of reflected signals coming
from only a small number of directions. Hence, the solution
to AoA estimation at the user is sparse. Therefore, in each
sector s, we employ ML estimator to recover T directions of
arrival {¢;}. Let ¢ = {¢1,..., ¢, }, then the ML estimator
for sector s is represented as

(P1) : argmin |[Y — DDTY]?
¢ a7
s.t. 2(s = 1)/Ny < ¢; <2s/Ny Vi={1,...,Ts}.

Here, DY represents Moore—Penrose inverse of a matrix D.
Each column of dictionary matrix D € CE*T

s is given as
d(¢) = B"a(¢) © (a" (¢)B)". (18)

Problem (P1) is non-convex. Therefore, we find local minima
around an initial estimate. We procure the initial estimate of
AoAs using OMP estimator [10]. For analytically simplicity,
we assume that the number of tags falling within the beam’s

Algorithm 1 OMP

I: Input: : =0, r; =Y, d(¢), §d = 0.001
2: Output: {¢1,...¢1,}

3: Initialize

4: do

5

| ¢" = argmax||d(¢)"ri|
pco

6 Update ¢ = ¢ U ¢

7: Increment ¢

8: Q = d(¢e)d(¢e) " d(4e)) " d(ge)
9: r, = (I — Q)Y

10: while 7 <7Ts and r; > €

coverage area T is known a priori. The steps of the OMP
estimator are given in Algorithm 1.

Therefore, from (8), the m!”* optimal reflecting coefficient
of i*" tag is given as

Vi = (21d /Ae)(m — 1)(sin ¢} — sin ;) (19)

where (;Abz is the estimated AoA at user from i*" tag.

A. Cramer-Rao Bound Analysis

Next, we derive the lower bound on the AoA estimation
using Cramer-Rao bound. From (14), the received signal over
I snapshots on n'" subcarrier within a sector s is

yln] = pln] + z[n] (20)

where p[n] denotes the noiseless part of received signal. Let
the vector of unknown parameters in (20) over a subcarrier n
is given by n = [¢, Re{B}, Im{B}] € C3T=x1,
Subsequently, for I snapshots, the Fisher information matrix
(FIM) J(n) € R3T=*3Ts for st sector is defined as [11]

I N, ) nll: H
J(W)Z%Z lRe{a[‘g[:“l <6[‘g[n“l) } @1)

1=1n=
where
Olualrlli _ . 2md" Br[n]cos dx
obp N NuNy
Nu. N, o _ '
Z Z (m o n)6—1)\76(771,—71)(sm ¢; —sin Ql)l‘
n=1m=1
Ip[n]l: " H
olpnlli . n H
(22)
Using (21), the Angle Error Bound (AEB) of ¢ is
AEB =  /diag[J ' (n)]5 k- (23)

Thus, AEB is the lower bound on ¢, estimate.

V. STEERING VECTOR OPTIMIZATION

Following AoA estimation at the user and optimization of
tag reflection coefficients, in this section we optimize the user’s
analog combiner. Since a user has one RF unit connected
to a ULA, optimizing the analog combiner is equivalent to
determining the best steering direction. Below we describe the
various schemes for optimizing user steering direction.

o Sectoring scheme: As discussed in Section IV, area
around the user is divided into S sectors. So, a codebook
is made up of fixed steering vectors corresponding to
steering angles in Qg = {(2s — 1)/Ny|s ={1,...,S}}
radian. Then, the optimal user steering angle is Q* =

argmax R(2), where R(£2) denotes the rate achieved by
Qe
user when its beam is steered at direction €.

o Grouping scheme: The tags are grouped using k-means
clustering. Given Ny, the number of clusters is equal
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Figure 2: RMSE and AEB of proposed AoA estimator.

to the number of sectors with at least one tag i.e,
k = lefisl\ ms where g = 1 if Ty > 1; 0 otherwise.
Further, the steering angle ), of the gt" cluster is equal
to the median of all the AoAs in group g. Therefore, the
set of steering angles is Qg = {Q4lg = {1,...,k}}.
Consequently, optimal user steering direction is *

argmax R(2).
QEQG . . . . . .
o Exhaustive scheme: This scheme is similar to sectoring

except that there are E scanning directions separated by
d¢ = 27/E radian intervals regardless of beamwidth.
Therefore, the set of all steering directions in the code-
book is Qg = {0,9¢, ..., (E—1)d¢}. The optimal beam

direction at user is the found as 2* = argmax R().
QeQE

VI. RESULTS AND DISCUSSIONS

In this section, we present the numerical results obtained
from MATLAB Monte Carlo simulations. Table I lists the
values of various simulation parameters used. In addition, we
use the thinning method to simulate the non-homogeneous tag
distribution, with thinning intensity equal to 3.

Fig. 2 shows the root mean squared error (RMSE) of the
proposed AoA estimator and compares it to the AEB for
various Ny values. Notably, a higher value of Ny results in
a narrower beam, reducing the effective number of tags and
hence total number of reflecting elements N7 that contribute
to virtual paths between the AP and the user, as shown in
Fig. 3. As illustrated in Fig. 2(a), with Ny = 16 and A = 1
tags/m?, only one tag falls within a sector on average, and
the RMSE reaches the AEB at high signal-to-noise (SNR)
values. The average number of tags per sector increases to
two and three when Ny 12 and Ny = 8, respectively.
Subsequently, the RMSE also increases, as shown in Fig. 2(b)

Table I: Simulation parameters

100

omogeneous
[ENon-homogeneous

Total number of
reflecting elements
Y

8 12 16
Number of antenna elements at user Nis

Figure 3: Average number of reflecting elements N aiding AP to
user communication when tags are distributed homogeneously and
non-homogeneously with A = 2 and Np = 8.

and Fig. 2(c). There are two reasons for the increase in RMSE.
First, the correlation in the OMP algorithm decreases as the
number of closely located tags 7 increases. Furthermore,
OMP is a residue-based algorithm. Therefore, the error in
initial AoA estimate of first tag propagates into the initial
AoA estimate of second tag, and so on. Moreover, because
the ML estimator is non-convex, we can only find local
minimums near the initial points. As a result, the output of
ML estimator is affected by the initial AoA estimates obtained
from OMP algorithm. Fig. 4 illustrates the reduction in rate
at the user when using erroneous estimated AoAs to design
tags’ reflection coefficients and combiner at user as compared
to using exact AoAs.

Following that, we compare the data rate obtained with
tags for three different user beam steering strategies discussed
in Section V. We also compare the results to those obtained
when a fixed linear RIS is used to assist the communication
between the AP and blocked user. Since the location of user
is unknown hence, in simulation we consider RIS coordinates
as [W/2,L/2] to provide coverage at all points behind the
wall. For a fair comparison, we take the number of reflecting
elements at RIS to be equal to Np. Additionally, we compare
the results with another scheme in which the tags have random
T'; and user beam sweeps the area in a round-robin fashion.
As a result, no initial angle estimation, feedback, or reflection

Parameter Variable Value
Length of room L 5m coefficient optimization are required.
Width of room w 10 m
Carrier frequency fe 28 GHz B (a)A=1,Nr =38 z s (b) A\=2,Np =38
Number of subcarriers Nec 30 S 10 ks E“
. ~ D
Bandwidth B 100 MHz SR S Ee
¢ o 8 ~ o O ™S

Bits b 10 £ 6 ~3 S £ RS
Rician fading parameter K 18 dB g N S g4 ST

. . 4 °~. N - -~ ¥
Noise power spectral density No —174 dbm/Hz/s 2 " [F=With grouping scheme S~ B o[~ "ith grouping scheme ‘~=.:
Reflection amplitude attenuation ¢ 0.5 ‘S 2|~ With sectoring scheme ~s5] € 7= With sectoring scheme N
Number of reflecting elements at tag | Np 8 £ oL With exhanstive search scheme £ L With exhaustive search scheme

S 8 12 16 & 8 12 16

Numb?r of antenn‘:i elements at AP N AP 4 = Number of antenna elements at user Ny {:Number of antenna elements at user Ny
Wall tip 2D coordinates [zw, yw] [1.44,L/2] m . o . .
AP 2D coordinates [xap,yap]| [0,L] m Figure 4: Reduction in rate when using estimated AoAs as compared
RIS 2D coordinates zR,yR] [W/2,L/2] m to using true AoAs to design tags’ reflection coefficients and user
AP transmit power P 33 dBm [12] steering direction in case of homogeneously distributed tags.
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Figure 5: Comparison of achievable rate with different schemes for homogeneously distributed and non-homogeneously distributed tags.

Fig. 5 depicts the rate achieved with different schemes for
different simulation scenarios. As illustrated, the achievable
rate with sectoring, grouping and exhaustive search schemes
improves with Ny despite the fact that average number of
reflecting elements Nr decreases as Ny increases. This is
because of higher array gain at user and lower RMSE of the
AoA estimator at higher value of Ny;. Moreover, Fig. 5, shows
that using tags distributed over an area gives better rate support
than using a single RIS with having N number of relfecting
elements. Further, at high value of Ny and small value of Nr,
rate achieved by using random weights at tags approaches the
rate achieved using RIS, as shown in Fig. 5(a) and Fig. 5(d).

VII. CONCLUSION

In this paper, we proposed utilizing existing backscatter
infrastructure to provide connectivity to a blocked user with
unknown coordinates in an indoor mmWave communication
system. First, by configuring the tags in retro-reflective mode,
we proposed a novel method for estimating the AoA from tags
to the user. Following that, a joint OMP and ML estimator is
proposed to estimate the AoAs at the user equipped with a
single RF chain. It was observed that at a sufficiently high
SNR and a large number of antenna elements at the user, the
estimator’s RMSE reaches AEB. This condition deteriorates
with decreasing ULA size of the user. Furthermore, the user
steering direction and tag weights are optimized to maximize
the user’s achievable rate. The findings demonstrated that
the existing backscatter infrastructure can support mmWave
communications while providing improved gains over that
achieved using a single RIS with an equivalent number of re-
flecting elements as at the tags. Although few tags contributes
to the less number of paths between AP and user, a narrow
beam of high gain nevertheless achieves a higher gain in both
homogeneous and non-homogeneous tag distribution cases.
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