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ABSTRACT

Advancements in computing have enabled emerging appli-

cations such as telesurgery, robot automation, holographic

telepresence, and extended reality, which require gigabit-

per-second throughput, sub-millisecond latency, and highly

reliable wireless connectivity. Millimeter wave (mmWave)

technology has promised to enable such connectivity by oper-

ating over a large bandwidth in the high-frequency spectrum

bands (24 GHz and above). However, due to the short wave-

length and high directionality of mmWave signals, mmWave

networks have limited coverage and are highly susceptible

to blockage. In particular, high-data-rate mmWave networks

work reliably only when there is a clear line-of-sight (LOS)

path between users and base stations. Unfortunately, due to

this problem, mmWave networks have not been able to scale

and become ubiquitous. Past work has proposed mmWave

repeaters and intelligent surfaces to solve this issue by rerout-

ing signal around blockages. However, these solutions are

expensive and complex to build, consume high power, or/and

require constant feedback from the network to operate since

they use active techniques for beam steering. In this paper,

we present the �rst mmWave repeater which uses passive

beamforming technique. Our repeater is low-cost, low-power,

and can support multiple users simultaneously. Most impor-

tantly, it does not require any feedback from the network to

operate. Hence, it can be easily deployed on-demand to solve

the coverage and blockage problem of mmWave networks

whenever and wherever high-data-rate and low-latency con-

nectivity is needed.
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1 INTRODUCTION

In recent years there has been a growing demand for reli-

able high data rate and low latency wireless networks due

to the popularization of applications such as real-time video

streaming, augmented reality (AR), robotic automation, on-

line education, and drone-based video streaming for sporting

events [21, 52, 53, 63, 71]. Millimeter wave (mmWave) tech-

nology has promised to ful�l this demand by operating in

a large high-frequency spectrum (24 GHz and above) [35–

38, 44, 49, 50]. In fact, the Federal Communications Commis-

sion (FCC) has released more than 14 GHz of bandwidth in

the mmWave frequency bands, which is orders of magnitude

more than the bandwidth allocated to traditional cellular and

WiFi networks [11]. However, existing mmWave networks

face a major problem which prevents them from becoming

scalable and ubiquitous. mmWave networks have a very lim-

ited coverage since they use high-frequency signals which

experience a huge path loss. To compensate for this loss, to-

day’s mmWave systems use directional antennas and focus

the signal power in a narrow beam. Hence, communication

between two nodes is possible when their beams are aligned.

However, as shown in Figure 1, these beams can be easily

blocked by obstacles such as a wall, a person or even furni-

ture, resulting in 20 dB and higher drop in Signal-to-Noise

ratio (SNR) [10, 70]. Therefore, mmWave networks cannot

provide reliable high-data-rate links in environments with

static or mobile obstacles.

To overcome this problem, researchers have designed

mmWave relays, repeaters and intelligent surfaces [10, 14,

23, 43, 45, 58]. The vision is to design a device that e�ectively

increases the network coverage and reliability of mmWave

networks by relaying and rerouting signals around obsta-

cles, or refocusing it to avoid signi�cant signal power loss.

However, existing systems have limitations which hinder

their practicality. For example, existing mmWave relays and

repeaters either support only a single user or/and require
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(a) Outdoor

VR
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Figure 1: mmWave networks problem. mmWave signals

are directional, and hence they can be blocked by obstacles.

phased arrays which are complex, expensive, and consume

signi�cant amount of power [22, 41, 43]. To address the com-

plexity and power consumption of these systems, a new type

of repeaters (known as intelligent surfaces) have been pro-

posed. These systems use a large array (a few hundred to

thousand elements) of recon�gurable passive elements to

refocus and reroute signals [14, 40, 45, 58]. However, they are

still costly to manufacture since they require a mmWave com-

ponent (typically a diode) per each element and high-speed

realtime control unit such as �eld-programmable gate array

(FPGA). Most importantly, they require frequent feedback

from the base station and the client as they must cooper-

ate with them to work and adjust their beams’ direction.

Hence, they cannot be deployed seamlessly on-demand with-

out signi�cant changes to the client or base station. Ideally,

an mmWave repeater needs to satisfy multiple requirements

to e�ectively achieve the goal of making mmWave networks

scalable and ubiquitous:

• On-demand and Rapid Deployment: It must work seam-

lessly with the base stations and clients without requiring

any cooperation or feedback from them. This enables on-

demand and rapid deployment of the repeater, extending

reliable mmWave networks to wherever and whenever

needed. For example, during an emergency response, or

an event in a part of a city, we can quickly use this repeater

and enable high-data-rate low-latency mmWave networks

to users.

• Low-Cost and Low-Power: Its design and implementation

need to be low-power, low-cost, and lightweight, such

that it can be battery (or solar) powered, and be easily

deployed on a pole or a drone whenever and wherever

high-data-rate connectivity is needed.

• Multi-user Support: Finally, it needs to provide reliable high-

data-rate links to many users. Otherwise, it cannot be used

in emerging applications such as multi-user virtual reality,

smart home, and stadium augmented reality, where ten to

thousands of mobile devices need reliable, high-data-rate,

low-latency mmWave connectivity.

If the above requirements are satis�ed, we can envision

making reliable mmWave networks scalable and ubiquitous.

However, to the best of our knowledge, no current system

satis�es all of these requirements.

In this paper, we introduce mmXtend, a low-power low-

cost repeater system which can be battery (or solar) powered,

and be easily deployed on a pole or a drone whenever and

wherever high-data-rate connectivity is needed. mmXtend

can form and steer beams to multiple users, simultaneously,

without requiring phased arrays, or other complex and power

hungry hardware such as radios, FPGAs or processors. More-

over, our solution can work seamlessly with the base station

and client. Therefore, it can e�ectively address the coverage

limitations of mmWave networks in both outdoor and indoor

scenarios whenever and wherever is needed such as crowded

events, disaster recovery, smart factories, and smart homes

as shown in Figure 2.

To develop mmXtend, we �rst need to develop a 2D beam-

forming technique for our repeater. The solution must be

low-power, low-cost, and simple to fabricate. Moreover, it

needs to allow the base station or client to control the re-

peater’s beams direction without sending any message or

feedback to the repeater. To achieve this, we develop a Fre-

quency Scanning Antenna (FSA) operating at mmWave. Our

design enables 1D passive beamforming and steering while

it can be fabricated using only printed circuit board (PCB).

Such a design enables our repeater to perform Frequency

Division Multiple Access (FDMA) for users in di�erent direc-

tions since FSA creates multiple beams while each radiating

only a speci�c frequency channel. Moreover, since the direc-

tion of the beam is a function of the signal frequency, the base

station or client can simply steer the repeater beams without

its cooperation. We then design a mmWave Rotman lens and

integrate it to our FSA design on the same PCB. Rotman lens

is a passive structure with multiple ports which enables 1D

beamforming where each beam is fed by a di�erent port.

Hence, integration of a FSA and Rotman lens enables our

repeater to perform 2D beamforming, supporting multiple

users in each frequency channels. In particular, by incorporat-

ing Multi-User Multiple Input Multiple Output (MU-MIMO)

into our design, our repeater can support multi-user in each

frequency channel through Space Division Multiple Access

(SDMA). Finally, we integrate low-power ampli�ers to our

design, enabling low-power repeaters which ampli�es and

refocuses mmWave signals while it can be deployed seam-

lessly, without requiring any cooperation or feedback from

base station or client.

This paper makes the following contributions1:

• We introduce mmXtend a new repeater for mmWave net-

works which is low-cost, low-power, supports multi-user,

and can be easily deployed on-demand (without requiring

any feedback from the network to operate).

1This work does not raise any ethical issues.
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Figure 2: mmXtend applications. Our repeater can be de-

ployed on-demand in outdoor and indoor scenarios, solving

the blockage problem of mmWave networks.

• We design a 2D passive beamforming and steering struc-

ture which can be easily implemented on printed circuit

board (PCB), and operates in the 5G mmWave frequency

band of 26.5 GHz to 29.5 GHz. More importantly, we show

the applicability of passive beamforming in wireless re-

peaters for the �rst time.

• We built mmXtend and empirically evaluated its perfor-

mance in a variety of scenarios. Our results show that

mmXtend solves the blockage problem, and enables data

rate of more than 250 Mbps link to each user when there

are up to 200 users. Even when there are 3600 users, it can

provide each user with a 20 Mbps link, which is su�cient

for AR or VR 360 degree 4K video [47].

2 MMXTEND OVERVIEW

mmXtend is a low-power low-cost repeater system which

can be battery (or solar) powered, and be easily deployed

on a pole or a drone whenever and wherever high-data-rate

connectivity is needed, as shown in Figure 2. In a scenario

where the line of sight between a base station and a user

is blocked, mmXtend receives the signal from the base sta-

tion and forms and steers beams to the user. mmXtend can

support multiple users simultaneously, without requiring

phased arrays or other complex and power-hungry circuits.

Moreover, our solution works seamlessly with the base sta-

tions and users. Hence, it can e�ectively address the coverage

limitations of mmWave networks in both indoor and out-

door environments. To develop and build mmXtend, we need

to address multiple challenges. First, we need to design a

technique which forms and steers beams to multiple users

simultaneously, without consuming any power. Second, we

need to extend our beam steering approach to 2D and build

a repeater which covers the whole space. Finally, our design

RF Input

Φ0 + ΔΦ

Φ0 + NᐧΔΦ

θ

Φ0 

.

..

Figure 3: Phased Arrays beamforming and steering.

needs to seamlessly support protocols for multi-user com-

munication, link establishment, and mobility. In the next few

sections, we will explain how we address these challenges,

and discuss the components that contribute to the design of

mmXtend.

3 BEAM FORMING AND STEERING

Themain challenge in building a low-cost, low-powermmWave

repeater is to enable the repeater to create multiple beams

simultaneously, while each transmitting a di�erent signal

to each user. Although past mmWave work has proposed

di�erent approaches for creating and steering one or multi-

ple directional beams, they are not practical for low-power

low-cost repeaters since they rely on phased arrays which

are complex and consume high power [25, 32, 67]. Below,

we discuss some limitations of phased arrays for mmWave

repeaters in more detail.

Phased array and its limitations: Phased array consists

of an array of �xed-spacing antenna elements, where each

antenna is connected to an electronically controlled phase

shifter. The radio waves emitted from antennas will com-

bine with each other, forming a narrow beam with stronger

signal strength toward a speci�c direction. By controlling

the phase shifters, the amount of phase shift (Δq) between

each antenna element can be adjusted which results in a

change in the the angle of the beam \ as shown in Figure 3.

This enables phased array to form a narrow beam and to

electronically steer it in di�erent directions. The main lim-

itation of phased arrays is that it requires calibration and

extensive control over the phase shifters which makes the

system very complex, power hungry and costly. In particular,

repeaters which use phased arrays for beam steering require

a processor (such as FPGA) to control the phase shifters

and adjust the direction of the beam. Moreover, they need

real-time feedback from the client and the base station to

steer their beams to the correct direction. Finally, to gener-

ate multiple beams simultaneously with independent data

streams, phased arrays require multiple transmitter or/and

receiver chains. As a result, the required hardware becomes

extensively costly and complex, making it unsuitable to be

deployed �exibly on-demand at di�erent locations.
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Our goal is to develop a low-power, low-cost design that

enables the repeater to support multiple users simultane-

ously (i.e. creating and steering multiple beams in di�erent

directions) without using any phased arrays, or requiring

any feedback from the base station or clients.

3.1 1D Passive Beam Forming and Steering

To enable low-power, low-cost beam steering and multi-user

access, our novel idea is to develop a repeater system based

on Frequency Scanning Antenna (FSA) technique. FSA is

a technique used primarily in radar imaging and weather

forecast to perform measurements [28, 69]. It is a passive

structure which focuses and transmits (or receives) a signal

toward a direction, where the direction of the signal depends

on the frequency of its input signal, as shown in Figure 4.

One can design an FSA on PCB consisting of a substrate with

many radiating elements (slots). When a signal is fed to the

input of the FSA structure, the signal gradually leaks into

space through these radiating slots. However, the signal ex-

periences a di�erent phase shift at each radiating slot, which

causes the radiated signals to combine constructively in a

certain direction, as shown in Figure 4. Since signals of di�er-

ent frequencies have di�erent wavelengths, they experience

di�erent amounts of phase shift at each radiating slot. Hence,

FSA forms a transmitting beam toward a direction which

depends on the frequency of the signal. Note, FSA performs

the same for receiving a signal too.

Our idea is that an FSA can provide a passive way to cre-

ate multiple beams simultaneously when the signal contains

multiple channels with di�erent center frequencies. More-

over, we can steer each beam based on the shift in its signal

center frequency, without relying on any phase shifters or

active components. Hence, by integrating an FSA on a re-

peater, the repeater can create multiple beams toward the

users, simultaneously. In particular, when the base station

transmits/receives a signal consisting of multiple frequency

channels (centered at 51 to 5=) to/from the repeater, the FSA

on the repeater is able to passively split the di�erent fre-

quency channels into separate high-gain beams to cover dif-

ferent areas on the ground. We note that compared to phase

arrays, our design has much lower power, lower complex-

ity, and lower cost for beam steering and creating multiple

beams simultaneously since it is purely based on a passive

structure. Moreover, it does not require any processor or

feedback from the base station (or the client) since they can

steer the repeater’s beam themselves by changing the fre-

quency channel. In Section 9, we will provide more details

on how this design would enable a repeater which can be

easily deployed without any need for a change or feedback

to the base station or client.

Traditional mmWave FSA designs have multiple limita-

tions which we need to address before using them in our

repeater design. First, their designs require a large bandwidth

to achieve a wide range of steering angles. Unfortunately,

such a large bandwidth is not available in the 5G mmWave

band. Second, they only support beam scanning from 0
◦ to

positive angles. This is due to the fact that the wave traveling

in the structure only provides positive phase shift between

consecutive radiating elements. Therefore, for our repeater,

we need to design an FSA which (a) requires smaller band-

width for beam steering and (b) covers negative angles.

(a) Requiring smaller bandwidth for beam steering: To achieve

a reasonably large range for beam steering angle while using

a small frequency change, we need to create large phase

changes between the FSA radiating slots. To achieve this,

our idea is to reduce the speed of the traveling wave inside

the FSA. To control the speed of the wave, we build on a

technique used in meta-materials, known as Spoof Surface

Plasmon [30]. In particular, we place slots on the back of the

FSA antenna. These back plate slots do not radiate the signal,

but they act as a speed bump to reduce the wave velocity in

the structure. Reducing the wave velocity provides a higher

phase variation with frequency change, enabling larger beam

steering angle in a smaller bandwidth.

(b) Covering negative angles: To enable beam steering for

negative angles, we use modulated periodic slots on the top

plate of our FSA. Speci�cally, as shown in Figure 5, the sizes

of the radiating slots vary along the FSA structure. This

periodicity in structure provides spatial amplitude modula-

tion (AM) 2 of the wave in the FSA structure, which creates

in�nite number of space harmonics [12, 26, 66]. However,

only the �rst harmonic radiates. This space harmonic cre-

ates negative phases for lower frequencies while positive

phase for higher frequencies. Therefore, at the lower part of

the frequency band, the FSA beam is pointing toward nega-

tive angles, while at higher frequencies, the beam is steered

toward positive angles.

The design parameters to control the characteristics of

the FSA are �1, �2, �3, % , and 3 , as shown in Figure 5. As

mentioned above, the slots in the back plane of the FSA

do not radiate the signal. Rather, they are used to decrease

the wave velocity. The proper wave velocity is achieved by

adjusting the value of�3 and 3 . For the slots in the top plane,

the lengths of the slots are modulated. The period (% ) and the

amplitude of slots (�1, �2) de�ne the backward and forward

scanning range. Finally, the total number of slots and the

length of the structure de�ne the 3 dB beamwidth of the FSA.

3.2 2D Passive Beam Forming and Steering

In the previous section, we explained how we develop a

passive structure for beamforming and steering in di�erent

2Note spatial AM is di�erent from temporal AM which is commonly used

in wireless communication.
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Figure 4: 1D Passive Beam forming and steering. The antenna fabricated

on a thin PCB substrate (without any ICs) form a beam towards a direction that

depends on the frequency of the transmitted or received signal. It can also create

multiple beams towards di�erent directions simultaneously.
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Figure 5: Our Designed FSA Antenna.
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Figure 6: Rotman Lens. Rotmann Lens is passive structure

which can be fabricated using just PCB. (a) It creates a speci�c

phase change from each input port to the output port. (b)

When the output ports are connected to individual antennas,

it creates beams toward directions, depending onwhich input

port is used. It can also create multiple beams simultaneously.

directions. However, since the proposed structure is a linear

array of emitting elements, it forms beams only along a single

dimension. To support multiple users in an area, our system

needs to generate beams in 2D. Hence, the next question is

how can we achieve passive 2D beamforming?

To address this question, our novel solution is to integrate

our FSA design into a Rotman lens. Rotman lens is a passive

structure mostly used in radar systems to detect targets in

di�erent directions [61]. The basic structure of the Rotman

lens is shown in Figure 6. It consists of a number of input

ports, a lens cavity, and a number of output ports which are

typically connected to individual antennas. This structure

can create a beam where its direction depends on which

input port is used to feed the signal. The lens cavity, which

can be fabricated using only a PCB, is designed such that it

adds speci�c phase changes to the signal as it propagates

from each input port of the Rotman lens to its output ports.

Note, due to the shape of this structure, the amount of these

phase changes depend onwhich input port is used for feeding

the signal. Therefore, the antennas connected to the output

ports of the Rotman lens emit the signal with di�erent phases,

creating a beam toward a direction that depends on which

input port is used. Here, we explained how Rotman lens work

for transmitting signals, it also works the same for receiving.

Note, both FSA and Rotman lens enables beam steering

in only 1D. However, FSA steer the beam with change of

frequency, and the Rotman lens steer the beam with change

of input port. Hence, to enable 2D passive beamforming and

steering, our idea is to develop a Rotman lens atmmWave and

integrate it with our FSA design on the same PCB substrate,

as shown in Figure 7. In particular, our design connects each

output port of the Rotman lens to the input of a separate FSA

structure instead of just a typical antenna. Below, we explain

how this structure enables 2D beamforming and steering.

When a signal with a particular frequency is fed into one of

the Rotman lens input ports, all FSAs receive the signal with

di�erent phase shifts created by Rotman lens cavity. Since

the signal frequency is the same for all FSAs, they all create

beams toward the same direction in 1D. However, since their

signals have di�erent phases caused by Rotman lens, their 1D

beams are combined and create a 2D beam toward a speci�c

direction. This novel structure enables passive beamforming

and steering in 2D. In other words, by changing the frequency

of the signal, we can steer the beam in one dimension, and

by changing the input port which we feed the signal into

Rotman lens, we can steer the beam in the other dimension.

Thus, we can create multiple beams simultaneously in 2D by

feeding signals of di�erence frequencies to di�erent ports.

So far, we explained how to build a structure to perform

2D passive beam forming and steering. However, using this

structure in a repeater requires selectively turning on/o�

each port using switches on the Rotman lens. Unfortunately,

this solution requires feedback from the BS and client which

is not ideal for a repeater. Another solution is to have the

BS to steer its narrow beam only toward one of the input

ports of the Rotman lens. However, this is not practical using
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Figure 7: Our 2D Passive beam forming and steering. It

can be fabricated on a thin PCB substrate (without any ICs)

to passively form and steer narrow high-gain beams toward

a direction that depends on which port and frequency is used.

It can also create many beams simultaneously.

today’s BS since their beams are not that narrow. To solve

this challenge, in the next section, we propose to combine

MU-MIMO and our structure to support multiple users in

both dimension.

4 SUPPORTING MULTI-USER

So far, we have explained how we design a passive structure

which can create and steer beams in 2D without consuming

power or using any circuit components. Here, we explain

how we use this structure to build a repeater which supports

multiple users.

To build a repeater, we connect each input port of our

passive structure shown in Figure 7 to a horn antenna. Such

a design enables a repeater which can receive/transmit the

signal from/to a base station using horn antennas and trans-

mit/receive it to/from the clients using beams created by

our passive structure. We are able to use horn antennas for

backhaul (i.e. the link between the repeater and base station)

since base stations and repeaters are typically �xed. Hence,

they only need to perform the beam alignment process once,

during the manual installation of the repeater. There are

other alternative approaches for the backhaul link. These

will be discussed in more detail in Section 8.

To support multi-user communication and steer its beam,

mmXtend divides users into di�erent frequency channels

in one dimension using FSA beams. Hence, they can com-

municate simultaneously using Frequency Division Multiple

Access (FDMA). To support multiple users in the other dimen-

sion, mmXtend divides users into di�erent beams created

by Rotman lens and use Multi-User Multiple Input Multi-

ple Output (MU-MIMO), which is already provided in most

mmWave base stations (such as 5G). Below we will �rst ex-

plain the basics of MU-MIMO, then we will explain how our

design seamlessly operates in MU-MIMO scenarios.

4.1 MU-MIMO Integration

MU-MIMO enables a base station to simultaneously commu-

nicate to multiple users over the same frequency channel.

In a typical MU-MIMO system (when there is no repeater),

User1

User2

y1

y2

BS

x1

h1,1
h2,1

h2,2

h1,2 
x2

(a) Typical MU-MIMO

Repeater
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k1,2 …
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(b) MU- MIMO with mmXtend

Figure 8: MU-MIMO Examples. A typical 2× 2MU-MIMO

system (a) without, and (b) with mmXtend’s repeater.

the vector of received signals by users, ~, can be written as

follow:~ = �,G , where� is the matrix of channels between

the base station and users,, is the precoding matrix, and G

is the vector of the data sent by the base station. Figure 8a

shows an example of a typical 2 × 2 MU-MIMO. In these

systems, the channel matrix � is measured in the channel

estimation stage, and then the precoding matrix, is set to

the inverse of the channel matrix. Hence, by transmitting

,G instead of G , the base station can simultaneously trans-

mit multiple data streams while each user receives only its

own data stream.

When we use our repeater in a typical MU-MIMO system

as shown in Figure 8b, the only di�erence would be the

channel matrix. The signals transmitted by the base station

antennas will be �rst received by the backhaul antennas, and

then they will be forwarded to users through separate beams

created by the passive structure. Hence, the channel matrix

will be � = � , where  is the matrix of channels between

the base station and the repeater’s backhaul antennas, and�

is the matrix of channels between the repeater and the user

devices. Note,� is a diagonal matrix since the signal received

at each backhaul antenna of the repeater creates a separate

beam towards each user as shown in Figure 8b. To obtain

the channel matrices, the base station and client perform

their standard channel estimation through the reciprocal

exchange of reference signals. For example, in the downlink,

when the base station sends reference signal on a speci�c

frequency channel, it will be received by the repeater and

re-sent to di�erent spatial directions. Users in each spatial

direction will receive the signal, estimate the channel and

send feedback. The same channel estimation process is done

for each frequency channel. This works similarly for uplink

channel estimation.
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To enable MU-MIMO, the base station needs to set the

precoding matrix, to the inverse of � . Note that as our

repeater is transparent to the base station and performs no

processing on the signals, during the MU-MIMO channel

estimation stage, the base station and users will measure� 

as the channel matrix between the base station and users, and

use it to compute the precoding matrix. The signals received

by the backhaul antennas of the repeater can be presented as

I =  ,G , where, = (� )−1. Therefore, we can show that

I = �−1G . Note since� is a diagonal matrix, its inverse is also

diagonal. This enablesMU-MIMO from the base station to the

repeater’s backhaul antennas. Recall that the signal received

at each repeater’s backhaul antenna is directed toward a user

via a beam using our repeater. Hence, the base station has

supported MU-MIMO to the users without any additional

complexity on the repeater 3. Finally it is worth mentioning

that here we focused on the downlink since the current

implementation of our repeater, as described in section 6,

is uni-directional. This limitation stems from the fact that

LNAs used in our design are uni-directional. Hence, to send

the channel estimation back to the base station from the user

device or/and to support two-way communication, we need

to use bidirectional LNAs or deploy two mmXtend repeaters.

5 NETWORK DETAILS

In the previous sections we presented the key components of

mmXtend and explained how they are put together to enable

a low-cost, low-power, on-demand repeater for mmWave

networks. In this section we explain the networking details

in using mmXtend in practice.

5.1 End-to-end Link Establishment

First, we explain how mmXtend establishes an end-to-end

communication link between the base station (BS) and the

user. In a typical mmWave network, the BS and the user

need to perform beam searching to �nd the best direction

for their beams to enable a communication path between

the BS and the user [1, 54]. This path is typically the direct

line-of-sight (LOS) path between them. Below we �rst ex-

plain how this process is done in today’s 5G networks, and

then describe how mmXtend’s repeater can seamlessly be

integrated without interfering with the standard process.

In the standard 5G mmWave beam alignment process, the

BS sends groups of synchronization signals [2, 5] periodically

in multiple spatial directions and di�erent frequency chan-

nels, to detect users in di�erent areas. On the user side, the

user initiates a beam sweeping process using a wide beam

3The Rotman lens acts as a spatial �lter which facilitates MU-MIMO by

splitting the signals through passive beamforming, creating a diagonal

channel matrix between the repeater and the users. Without a Rotman lens,

MU-MIMO will not be possible unless the additional signal processing is

done on the repeater [51] which adds signi�cant complexity and power

consumption to the repeater system.

3

2
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Figure 9: mmXtend Beam Alignment

and scans for available frequencies. It then reports to the BS

which one of the BS’s beams (i.e. frequency and direction)

resulted in the highest received power [8, 59]. Based on the

feedback from the user, the BS then aligns its beam direction

to the user. Then the user begins beam sweeping using a nar-

row beam and aligns its beam toward the BS using received

signal power measurements.

When a mmXtend’s repeater is installed and the LOS path

is blocked, the BS and the user still tries to �nd the best

communication path using the same standard process. Fig-

ure 9 shows the steps in end-to-end beam alignment when a

repeater is deployed. In the �rst step, the repeater needs to

have its backhaul beam aligned toward the BS. As mentioned

before, the repeater is using �xed beam antennas (e.g. horn

antenna) for its backhaul beams. Hence, during installation,

the beams of the antennas can be manually adjusted toward

the BS. Note, this is a one time process since the BS and

repeater location is �xed in most scenarios. We will discuss

alternative solutions for scenarios where the BS is mobile

in Section 8. In the second step, the BS sweeps its beams

and sends synchronization signals in multiple directions and

frequency channels (51 − 5=). This process is the same as

the standard 5G beam alignment process. However, when

the beam of a particular frequency channel is steered in the

direction of the repeater, its signal will be forwarded by the

repeater to a speci�c direction based on its frequency. On the

other side, the user also performs standard beam sweeping

to �nd the direction and operating frequencies of the nearby

base stations. The user provides feedback to the BS in the fre-

quencies with the highest signal strength. This feedback will

be transmitted back to the BS which allows it to determine

which beam direction and which frequency provides the best

performance for that user. This will be the direction which

aligns the beam of the BS to the repeater, and the frequency

which aligns the FSA beam to the user. This process will be

repeated for each user. Note that in 5G FR2 mmWave bands,

the same frequency channel is utilized for both uplink and

downlink communication between a user and the BS through

Time Division Duplexing (TDD) [7], so a user does not need

to switch beams (frequencies) when transitioning between
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uplink and downlink communication. Finally, in the third

step, the user performs the standard beam alignment process

to �nd the best direction for its beam. This results in the

alignment of the user’s beam toward the repeater. After the

beams are aligned, the user and the BS exchanges additional

information to initiate downlink and uplink communication.

It worth mentioning that this entire process and all steps is

done without the BS or user knowing there is a repeater. The

repeater relays the signal between the BS and the user while

the BS and user perform their standard 5G beam search pro-

cess. Hence, mmXtend repeater can be seamlessly deployed

wherever and whenever needed without requiring any coop-

eration or feedback from the BS or user.

5.2 Channel Resource Allocation

Next, we explain how mmXtend can provide opportunities

for more �exible channel resource allocations to the users. In

today’s mmWave network, when we have a dense number of

users in the same area, their network performance drops due

to the sharing of the same frequency channel resource. In the

design of mmXtend, we address this problem by providing

partially overlapping channels of di�erent frequencies to

cover each area. As we mentioned earlier, our FSA shifts

its beam continuously with respect to frequency. The scan

ratio of our FSA design is 0.0167 degrees/MHz, meaning

that for a channel bandwidth of 100 MHz and 400 MHz, the

angle of the beam will shift by 1.67 degrees and 6.67 degrees,

respectively. On top of this, we designed our FSA to achieve a

3 dB beamwidth of around 10 degrees for a single frequency.

This means that the beamwidth of a single frequency is

much larger than the amount of angle shift caused by the

bandwidth of a frequency channel. Therefore, our design

guarantees not only good coverage for each FSA beam, but

also that each user will be covered by the FSA beams from a

few di�erent frequency channels.

This overlapping FSA beams provides an opportunity to

enable more �exible channel resource allocation schemes for

the users. In particular, the BS can allocate resource blocks

based on the quality of each channel relative to the user loca-

tion, as well as the occupancy of each channel. This enables

more e�cient bandwidth utilization of each channel when

there are many users located in the same area, and ensures

higher data rate for each user. When there are less number

of users in each area, the overlapping channels also provides

the opportunity to improve performance through carrier

aggregation which is an existing feature in 5G networks [4].

Finally, in the case of user mobility, a user may move from

one FSA beam to another beam. As the direction of the FSA

beam is determined by the channel frequency, the operating

channel of the user needs to be updated. Note that the BS

is able to determine the best frequency channel to allocate

to the user based on the continuous exchange of reference

signals between the BS and the user, which are transmitted

within the frequency of each channel on a periodic basis.

Channel overlap in mmXtend, also enables a smoother hand-

o� process when the user moves between di�erent channels,

as the user can remain connected to a channel while initiate

the hand-o� procedure with adjacent channels at the same

time. In particular, the BS dynamically adjusts the channel

resources allocated to a user when it moves across di�erent

FSA beams. With the graceful hand-o� process, the BS could

schedule resources in advance in adjacent channels. As the

repeater is mostly static, beam re-alignment from the base

station to the repeater is rarely needed in the case of user

mobility. In the rare case where the repeater moves (e.g. a

drone repeater moving to a di�erent height), the beam re-

alignment between the base station and the repeater can be

done with low delay. Beam scanning on the base station nor-

mally takes 5 ms (SSB burst), with an interval of 20 ms [65].

Furthermore, the SSB bursts can be sent simultaneously on

di�erent frequency channels depending on con�guration.

Hence beam re-alignment can be done with very low delay

when the repeater moves.

5.3 Link Budget Analysis

In this section, we provide a link budget analysis for mmX-

tend. We only consider the downlink, where the base station

is the transmitter and the user device is receiver. However,

similar link budget calculation can be done for uplink too.

For our analysis, we calculate the SNR of the signal at

the user device based on the following setup. We consider a

typical 5G base station with an E�ective Isotropic Radiated

Power (EIRP) of 55 dBm [48], and a typical mmWave receiver

with 20 dB antenna gain and noise �oor of -88 dBm. We

assume the repeater’s backhaul antenna and each FSA has 20

dB and 10 dB gain, respectively, based on our measurement

and simulation results presented in Sections 7.1. We consider

the repeater’s LNA gain and the number of FSAs as variables

in our analysis. Finally, we assume that the distance of the

mmXtend repeater is 200 meters from the base station, which

is a reasonable distance to reach an outdoor base station to

overcome signal blockage.

Figure 10a shows the SNR of the user versus distance of

the user from the repeater. We plot the SNR for di�erent

number of FSA elements on the repeater where LNA gain

is set to 20 dB. As the number of FSA elements increases,

mmXtend enables higher SNR and/or longer communication

range. However, as the number of FSA elements grows, the

design becomes more complex. Hence, we fabricate a mmX-

tend repeater with eight FSA elements which is still easy

to fabricate in a compact size while it provides SNR of 14

dB even when the user is 42 meters away from the repeater.

Note, this SNR is su�cient to enable more than 240 Mbps

data rate for a 100 MHz channel at 28 GHz.
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Figure 10: Link Budget Analysis. SNR versus user to repeater distance

when the repeater is 200 m away from the base station for (a) di�erent

number of FSA elements # , while the gain of the LNA is 20 dB, and (b)

di�erent LNA gains � , while the number of FSA elements is eight.

Figure 11: mmXtend Implementation.

Our fabricated prototype on a thin and com-

pact PCB substrate.

Figure 10b shows the SNR of the user versus distance of

the user from the repeater. We plot the SNR for di�erent LNA

gain where we use eight FSA elements on the repeater. As

the gain of the LNA increases, the communication range of

mmXtend increases too. However, using higher LNA gains

increases the power consumption of the repeater. Moreover,

we cannot use very high-gain since at some point the gain

becomes larger than the leakage between the repeater’s back-

haul and fronthaul beams, causing the self-interference prob-

lem. Hence, we fabricate a mmXtend’s repeater using 20 dB

LNAs. This enables mmXtend to achieve good communi-

cation range (i.e. SNR of 14 dB even at 42 meters) without

having self-interference problem or consuming signi�cant

amount of power.

6 IMPLEMENTATION

To evaluate the performance of the mmXtend system, we

have built a prototype of mmXtend. We have designed and

implemented our prototype using high-frequency structure

simulator (HFSS) software. Based on our link budget cal-

culation in Section 5.3, we have designed a Rotman lens

with eight outputs that connects to eight FSA elements. We

integrated Rotman lens and FSAs on the same board and

fabricated it in Rogers Duroid 5880 PCB substrate, as shown

in Figure 11. Our prototype is only 22 cm by 10 cm and has

a thickness of 0.5 mm. Our complete design operates in 5G

28 GHz mmWave band, and supports more than 3 GHz of

bandwidth.

For backhaul antennas, we used Mi-Wave horn antennas

(261-34-20-595), and connected them to the input port of our

fabricated design. The combination of the horn antennas

and FSA beams provides signi�cant gain for our repeater.

However, to provide further gain, we also placed a LowNoise

Ampli�er (LNA) between each horn antenna and our passive

structure input ports. For LNAs, we have used HMC263LP4E

from Analog Devices where each provides 20 dB LNA gain

and consumes 174 mW of power. The LNAs are integrated

on the same PCB board, as shown in Figure 11. Note, these

six LNAs are the only components in our design which con-

sumes power and the rest are passive.

7 EVALUATION

In this section, we present the performance of mmXtend

under various conditions and scenarios. First, we investigate

the radiation properties and scanning capability of mmXtend

under microbenchmark testbeds. Then we explore the perfor-

mance of mmXtend in extending mmWave coverage when

the LOS between the base station and the user is blocked.

We de�ne di�erent test scenarios and study the performance

of the system (such as achievable SNR and data rate) in each

case. We perform our experiments in both indoor and out-

door scenarios. We have used Keysight 5G R&D test bed [29]

as our base station (BS) and user device to evaluate the per-

formance of mmXtend. Our user device is equipped with a

20 dB gain antenna. Our base station is also equipped with a

20 dB gain antenna and uses transmission power of 35 dBm

for both indoor and outdoor scenarios, which complies with

FCC 5G 28 GHz band regulation [20]. Note, since our base

station device supports only a single stream (i.e. does not

support six parallel MIMO streams), our experiments are

performed with a single antenna at a time.

7.1 Micro Benchmark

As discussed in Section 3.2, mmXtend forms and steers beams

in 2D. In particular, mmXtend can steer its beam in one di-

mension by changing the signal frequency and in another

dimension by using Rotman lens. Here, we evaluate mmX-

tend’s capability to do so.

(a) FSA Beam Steering mmXtend designs FSAs to create

and steer beams in the elevation plane. In particular, FSA

steers its beam when the frequency of the signal changes.

Here, we evaluate the performance our designed FSA to do

this. Figure 12a shows the radiation pattern of our FSA as the

signal frequency changes. For simplicity, the �gure shows
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Figure 12: FSA Beam Steering Performance. (a) Radiation pattern of the FSA

for di�erent signal frequencies. (b) FSA beam angle versus signal frequency.
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Figure 13: Rotman Lens Beam Steer-

ing Performance. Radiation pattern of

our Rotman lens for di�erent input ports.

the radiation pattern for seven di�erent frequencies. How-

ever, it is worth mentioning that the FSA beam steering is

continuous. The �gure shows that our FSA design generates

narrow beams with more than 8 dB gain. Moreover, the beam

is steered as the frequency of the signal is changing. These

results show that mmXtend can successfully form and steer

multiple beams to multiple users by just using di�erent sig-

nal frequencies. Figure 12b shows the relation between the

direction of the beam and the frequency of the signal. This

result implies that our design can steer its beams by more

than 50 degrees by changing the frequency of the signal over

the 5G mmWave band. Note repeaters are typically installed

on a wall or ceiling and hence 50 degrees is enough to cover

a large area. The �gure also compares these results with

the HFSS simulation results, implying that our fabricated

prototype performance closely follows the expected results.

(b) Rotman Lens Beam Steering mmXtend designs a

Rotman lens to steer its beam in the Azimuth plane. Here

we evaluate the performance of our designed Rotman lens

in creating and steering the beams. In particular, the Rotman

lens steers its beam when di�erent input ports are used for

transmitting or receiving a signal. The radiation pattern of

our designed Rotman lens is shown in Figure 13, where the

vertical axis is the antenna gain in dB and the horizontal axis

is the angle. The �gure shows the radiation pattern for the

six input ports of the Rotman lens. This result shows that

our Rotman lens design is able to form narrow beams (with

1.5 to 2 dB gain) 4 in di�erent directions while a di�erent

port is used. This meets our design goal of using Rotman

lens as a spatial �lter to enable multi-user access through

multiple spatial beams in di�erent directions. This Rotman

lens can also create these beams simultaneously, spanning

more than 65 degrees which in enough to cover a large area.

7.2 Angle Performance

So far we have evaluated the performance of individual com-

ponents of mmXtend (i.e. our FSA and Rotman lens). Here,

4Some possible approaches to improve the gain include increasing the

number of ports, or developing substrate material with lower loss.

we evaluate the performance of the complete mmXtend in

beamforming and repeating the signal toward a user, placed

in di�erent angles with respect to the repeater. We conducted

this experiment in an indoor environment. We place the base

station and repeater at �xed locations. We then place the user

3.5 meters away from the repeater and change its angle with

respect to the user while measuring the SNR at the user. In

particular, we are interested to see whether the repeater can

steer its beam successfully toward the user (i.e. enabling re-

liable link without experiencing signi�cant SNR drop) when

the user is located at di�erent azimuth and elevation angles.

To examine only the e�ect of angle changes, we make sure

that the distance of the user to the repeater is kept constant,

and monitor the change in the SNR as we change azimuth

and elevation angles of the user respect to the repeater. To

steer the beam in the elevation angle, we transmitted signals

of di�erent frequencies ranging from 26.5 to 29.5 GHz. To

steer the beam in the azimuth angle, we fed signal into each

input port of the Rotman lens.

Figure 14a and 14b show the change in the SNR (with

respect to the SNR at zero degree) for di�erent azimuth

and elevation angles of the user, respectively. The �gures

show that the repeater can steer its beam toward the user

without signi�cant SNR loss within the azimuth angle of

-30 to 30 degrees and elevation angle of -40 to 40 degrees.

Speci�cally, the worst SNR drop is 2 dB in elevation and 1 dB

in azimuth plane. As we will show in the next evaluation, in

most scenarios, mmXtend enables SNR of more than 20 dB,

and hence a few dB drop in SNR will not have an impact on

the achievable maximum data rate. Finally, considering that

the repeaters are typically installed at a height (such as a

pole, top of a building, or on a wall), the achieved angular

range will be su�cient to cover a large area.

7.3 Range Performance

We evaluate the performance of mmXtend in solving the

blockage problem and supporting reliable high SNR links in

both indoor and outdoor scenario. We install our repeater at

a �xed distance with respect to our base station, and measure
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Figure 14: mmXtend Angle Performance. SNR change

with respect to the SNR at zero degree.

the SNR of the signal received at the user placed at di�erent

distances with respect to the repeater. We connected one

input port of the Rotman lens to a horn antenna for the back-

haul link, and aligned the horn antenna to the remote base

station. We make sure that the line-of-sight (LOS) path is al-

ways blocked, and the base station and the user communicate

through our repeater.

a) Indoor Scenario mmXtend promises to enable reliable

mmWave connectivity in indoor environments with block-

ages. Here, we verify if it delivers on this promise. We place

a base station and a user device in our building where their

LOS path is blocked by a concrete wall. We then place mmX-

tend in a position which has LOS to both the base station and

user. The distance between the base station and repeater is

eight meters while we change the distance between the user

and repeater from 2 to 45 meters. For each distance, the base

station is transmitting, and we measure the SNR at the user

side. Note, since the LOS is blocked, the communication link

is established through our repeater. Figure 15a shows the re-

sult of this experiment. The repeater has successfully enabled

high SNR at the user. In particular, even when the user is 45

meters away from the repeater, the user still achieves more

than 40 dB SNR. Note, SNR of more than 20 dB is su�cient to

enable the maximum data rate in 5G networks. These results

imply that mmXtend enables reliable high-data-rate wireless

connectivity in indoor environment despite having blockage.

b) Outdoor Scenario. Next, we perform the same experi-

ment as the previous one except in outdoor scenario. In this

experiment, the base station and repeater are 170 meters

apart.5 We then place the user at di�erent distances with

5The distance is limited by the space we had available for our tests.

respect to the repeater while its LOS path to the base station

is always blocked. Figure 15b shows the achievable SNR of

the user when we change the distance between the user and

the repeater from 3 to 30 meters. The user has achieved the

SNR of more than 20 dB in all locations. Such SNR is suf-

�cient to enable the 5G maximum data rate. These results

imply that mmXtend provides reliable high-data-rate wire-

less connectivity in outdoor environment, enabling emerging

applications such as augmented sport and concert events,

and autonomous robots to improve disaster recovery.

7.4 Data Rate Performance

Next, we evaluate the performance of mmXtend in terms of

user’s data rate where multiple users seek communication

with the base station via the repeater.

For this purpose, we use the following setup to conduct our

evaluation. As shown in Figure 17, the repeater is placed on

a pole at 14 meters above ground. The repeater establishes a

backhaul link with a BS at 170 meters awaywhile it relays the

signal to cover a 2D plane on the ground noted by the G and~

axis. Along the G axis, the plane is divided into 30 frequency

channels, where each channel is covered by a single FSA

beam (58 ). The bandwidth of each channel is 100 MHz, which

corresponds to the 5G channel bandwidth [3, 48]. Along the~

axis, the plane is divided into 6 sections, where each section is

covered by a single Rotman lens beam (; 9 ). In total, it creates

30 × 6 = 180 cells. Users in di�erent frequency cells (e.g. 51
and 52), communicate with the BS using di�erent channels.

For users located in the same frequency cell but di�erent

Rotman lens cells (e.g. (51, ;1) and (51, ;2)), they communicate

with the BS through MU-MIMO in the same channel. If the

users are in the same frequency cell and Rotman lens cell, the

channel resource is shared through time-division multiple

access. Finally, the coverage of mmXtend repeater along the

G axis is 60 degrees and along the ~ axis is 72 degrees using

FSA and Rotman lens, respectively.

To evaluate the performance of mmXtend in a network of

users, we randomly distribute di�erent number of users in

the 2D plane covered by mmXtend and evaluate the average

data rate of each user. To do so, since we do not have hun-

dreds of user devices, we empirically measure the SNRs at

di�erent angles and distances (i.e. di�erent cells) in our real-

world experimental setup and use it to compute the data rate

of each user in post-processing using the 5G mmWave NS3

simulator 6 [42]. Figure 16 shows the average user data rate

with respect to the di�erent number of users covered by the

6The BS communicates in the 5G NR frequency band of 26.5 to 29.5 GHz, the

max downlink data rate per layer in a 100 MHz channel is 408 Mbps based

on 3GPP standard [6]. For our evaluation, we assume the BS can provide

the max data rate for all 30 channels in this spectrum at the same time. All

six input ports of the Rotman lens is connected to the remote base station,

enabling 6 data streams per frequency channel through MU-MIMO.
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Figure 15: mmXtend Range Performance. (a) is an indoor scenario where the

base station and the repeater are eight meters apart. (b) is an outdoor scenario

where the base station and the repeater are 170 meters apart.
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Figure 16: mmXtend Data Rate Perfor-

mance. Average data rate per user versus

di�erent number of users.
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Figure 17: mmXtend Evaluation Setup. In the G axis, the

area is divided into 30 channels covered by FSA beams, noted

by 51 to 530. In the ~ axis, the area is divided into 6 sections

covered by Rotman lens beams, noted by ;1 to ;6.

repeater. For each number of users, we ran our experiment

50 times with random distributions of users to calculate the

average user data rate. The �gure shows that when we have

less than 100 users, the average data rate per user is as high

as 300 to 400 Mbps. When the user number increases to 1000,

we can still achieve an average user data rate of more than 70

Mbps. which is more than enough for streaming Ultra High

Quality 4K videos. This result shows mmXtend’s capability

to provide high data rate links to a large number of users in

a wide area when the LOS path between the user and the BS

is blocked.

7.5 Power, Weight and Cost Analysis

The total power consumption of mmXtend is only 1.05 W

which can be power up by a small solar panel (9×11 cm) [57]

or a drone’s battery without impacting on its �ying time.

Even small drones typically have batteries with 20-100 Wh

capacity [16] which are not impacted by the low power con-

sumption of mmXtend. Note, the total power consumption of

mmXtend can be even further reduced to 300 mW by using

recent released LNAs instead of the ones used in our pro-

totype [15]. This power consumption is signi�cantly lower

than other technologies such as phased arrays and Recon-

�gurable Intelligent Surfaces (RIS). For example, mmWave

phased arrays which o�er similar gain and beamwidth, typi-

cally consume around 17 W [60, 64]. Similarly, typical RIS

technologies consumes 5.3-8 W [24, 62], primarily due to

their needs for Digital-to-Analog Converters (DACs) and

high-speed control units, such as FPGAs.

Next, we compare the cost of mmXtend with existing so-

lutions. mmXtend design includes a custom designed PCB,

LNAs and horn antennas. Our mmXtend implementation (in-

cluding 6 LNAs) as shown in �gure 11, costs only $980. Note,

this is the cost to fabricate one prototype device and hence it

will be much lower in mass production. For comparison, the

cost of the radio equipment for a commercial mmWave 5G

base station typically exceeds $35,000 [19]. In comparison to

passive recon�gurable metasurfaces, mmXtend also o�ers

signi�cant cost advantages. For instance, the surface design

presented in [14] requires more than two thousands MAVR-

011020-14110P Vractor Diodes (76 ribs, each consisting of 28

vertical meta-atoms) where each diode costs $2.5. Consider-

ing the cost of diodes, DACs and FPGA as well as the PCB

fabrication and assembly costs, these surfaces cost $6,000 to

$10,000 which is much higher than the cost of mmXtend.

Finally, it is worth mentioning that horn antenna and our

2D passive repeater structure (including 6 LNAs) weigh only

48.19 g and 70.02 g, respectively. Hence, our design is very

light and can seamlessly be deployed on a pole or drone.

8 LIMITATIONS AND DISCUSSION

In this section we discuss some of the limitations of our

design and propose potential solutions to enhance its appli-

cability in real-world scenarios.

Backhaul Link: In the current design of mmXtend, we

are using a �xed beam horn antenna for the backhaul link

from the repeater to the base station since in most scenarios

the base station is �xed. However, in some scenarios, the

position of the base station may change, or the repeater

may need to switch to a di�erent base station. There are

several possible approaches to address this challenge. First,

the horn antennas could be connected to remote controlled

gimbals, allowing adjustment to repeater’s backhaul beam

direction. Alternatively, we could use a passive multi-beam
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design such as a Rotman lens or directional patch antennas

for the backhaul link. This would enable the repeater to

receive signals from base stations in varying directions and

combine them to the input ports of mmXtend. This approach

also enables the entire mmXtend design to be fabricated on

a single PCB board.

Uplink Communication The current implementation

of our repeater, detailed in Section 6, focuses on the down-

link communication from the base station to the user since

downlink is more important than uplink in most real time

applications such as VR/AR. This uni-directional limitation

stems from the fact that LNAs used in our design are uni-

directional. Hence, to send the channel estimation back to

the base station from the user device or/and to support two-

way communication, we need to use bi-directional LNAs,

or integrate LNAs in both directions for each input port of

the Rotman lens. An alternative approach is to deploy two

mmXtend repeaters, each dedicated to downlink or uplink

communications.

9 RELATED WORK

In recent years, there has been a growing interest in solv-

ing the blockage problem in mmWave networks [14, 27,

46, 55, 56]. There are some works on building mmWave re-

peaters [9, 10, 22, 41, 43]. However, they either do not support

multiple users or use complex, expensive, and power-hungry

phased arrays. They also require signi�cant feedback and

cooperation with the base stations and users, to operate and

keep its beams aligned toward users. Some recent work has

proposed smart and intelligent surfaces [14, 23, 39, 45, 58].

These surfaces typically consist of a large array of passive el-

ements which can re�ect and refocus mmWave beams in cer-

tain directions passively. Although these systems do not need

to use phased arrays, they are either non-recon�gurable [46]

or require a large number of mmWave diodes (or varactors)

and a processor such as FPGA to control individual elements,

which makes the design complex and expensive. Moreover,

they require feedback from the client and base station to

operate and typically do not support multiple users simul-

taneously. In contrast, mmXtend introduces a mmWave re-

peater which supports multiple users, does not require any

processor (such as FPGA), and does not require any feed-

back from the client or base station to operate. mmXtend

achieves this by designing, building and integrating a passive

2D beamforming structure into mmWave repeaters.

Past work has explored passive 1D and 2D beamforming

methods in the mmWave frequency. However, they all have

certain limitations, and none of them targets repeater sys-

tems. For example, some past work has shown the potential

of using Rotman lens for passive beamforming at mmWave

frequencies [17, 18]. However, the only support 1D beam-

forming. Some other work has also proposed passive designs

for 2D beamforming. However, these approaches [13, 31, 34]

are very complex in design since they are interconnecting

multiple layers of substrates in orthogonal planes. In contrast,

our design is integrated into a single-layer substrate, which

is compact, low cost, and easy to fabricate. It can be �exibly

deployed at various locations on-demand. Finally, the au-

thors in [68] proposed a 2D beam steering design using FSA

and Rotman lens, however it is designed for near-�eld sce-

narios with limited coverage of tens of millimeters and FSA

beam steering range of less than 25 degrees, which makes it

impractical to be used for applications such as 5G commu-

nication, where a large number of users need to be covered

in a large area. In contrast, our design can achieve a work-

ing distance of hundreds of meters and FSA beam steering

range of more than 50 degrees. Moreover, we also incorpo-

rate Multi-User Multiple Input Multiple Output (MU-MIMO)

enabling a repeater system which supports multiple users

and works seamlessly with existing mmWave networks.

This paper is an extension of our previous workshop

paper[33]. The workshop paper proposes only a 1D passive

beamforming and steering structure using FSA, and shows its

potential application in a mmWave repeater. That paper does

not build the FSA, and provides only preliminary simulation

results. In this paper, we introduce a 2D passive beamform-

ing and steering structure. In particular, we develop a novel

structure that consists of our designed Rotman lens and an

array of FSAs to enable 2D passive beamforming. We also

take into consideration actual design challenges for our de-

sign to work as a repeater in existing mmWave networks. In

particular, using our passive 2D beamforming structure and

o�-the-shelf components, we then build a complete repeater

capable of supporting multiple users. Finally, we run experi-

ments and empirically evaluate the end-to-end performance

of our system in di�erent scenarios.

10 CONCLUSION

This paper presents mmXtend, an on-demand repeater which

solves the blockage problem of mmWave networks in out-

door and indoor scenarios. mmXtend is low cost, low power,

and can be seamlessly deployed whenever and wherever is

needed. We achieve this by introducing a novel design which

enables the repeater to passively create and steer beams

to multiple users simultaneously. Finally, we implemented

mmXtend and empirically evaluated its performance mmX-

tend enables reliable high-data-rate connectivity to hundreds

of users even when they are hundreds of meters away from

the base station and their line-of-sight path to it is blocked.
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