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Abstract

Millimeter wave (mmWave) technologies promise to revolutionize wireless networks
by enabling multi-gigabit data rates. However, they suffer from high attenuation, and
hence have to use highly directional antennas to focus their power on the receiver.
Existing radios have to scan the space to find the best alignment between the trans-
mitter’s and receiver’s beams, a process that takes up to a few seconds. This delay
is problematic in a network setting where the base station needs to quickly switch
between users and accommodate mobile clients.

This research encompasses the implementation and testing of Agile-link, the first
mmWave beam steering system that is implemented and evaluated on phased arrays,
and demonstrated to find the correct beam alignment without scanning the space.
Instead of scanning, Agile-link hashes the beam directions using a few carefully chosen
hash functions. It then identifies the correct alignment by tracking how the energy
changes across different hash functions. Two major limitations are addressed in this
research. First is the issue of delays in scanning and the second is the accuracy of
the beams. Here we propose, implement and examine solutions to these two major
issues. Our results show that not only does Agile-link create accurate phase shifted
beams, but, it also reduces beam steering delay by orders of magnitude.
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Chapter 1

Introduction

The ever increasing demand for mobile and wireless data has placed a huge strain on

today’s WiFi and cellular networks [9, 15, 44]. Millimeter wave (mmWave) frequency

bands address this problem by offering multi-GHz of unlicensed bandwidth – 200×

more than the bandwidth allocated to today’s WiFi and cellular networks [28, 31].

Further, mmWave radio hardware has recently become commercially viable [33, 12,

24]. This led to multiple demonstrations of point-to-point mmWave communication

links [18, 51, 39]. These advances have generated much excitement about the role

that mmWave technology can play in future wireless networks, and led to mmWave

communication being declared as a central component in next-generation (5G) cellular

networks [31, 19, 24]. It has also led to multiple mmWave standards including IEEE

802.11ad for wireless LANs [23] and IEEE 802.11c for wireless PANs [22].s

A key challenge has to be addressed before mmWave links can be integrated into

cellular or 802.11 networks. mmWave signals attenuate quickly with distance; hence

they need to use highly directional antennas to focus their power. Due to the narrow

beam of the antennas, communication is possible only when the transmitter’s and

receiver’s beams are well aligned. First generation mmWave radios used horn anten-

nas, which require mechanical steering to identify the best beam alignment. More

advanced mmWave radios use phased-array antennas, which can be steered electroni-

cally. Still, current phased array mmWave radios require multiple seconds to scan the

space with their beams to find the best alignment [52]. Taking a long delay before

8



aligning the beams may be acceptable in today’s fixed point-to-point links. However,

such a long delay hampers the deployment of mmWave links in cellular (or 802.11)

networks where a base station has to quickly switch between users and accommodate

mobile clients.

So, how is beam steering done in mmWave phased-arrays? Since the wavelength

is very small (a few millimeters), a small phased array, the size of a credit card,

can have tens or hundreds of antennas, leading to a very narrow beam, as shown in

Fig.1-1. Beam steering is done in the analog domain using phase shifters, which add a

controllable phase to each antenna. Identifying the best beam alignment is equivalent

to identifying the correct phase setting for all phase shifters on both the transmitter

and receiver. This is done by sequentially trying different phase shifts (i.e., different

beams) and measuring the received signal power. The best beam alignment maximizes

the power.

Trying all possible beam directions incurs excessive delay. Indeed, existing prod-

ucts can take seconds to converge [52]. Thus, multiple proposals have been introduced

to optimize the steering time. In particular, the 802.11ad standard proposes to set

the transmitter’s beam pattern to a quasi-omnidirectional shape, while the receiver

scans the space for the best signal direction. The process is then reversed to have the

transmitter scan the space while keeping the receiver quasi-omnidirectional. While

this design reduces the steering delay, it still requires each node to sequentially scan

the whole space of beam directions and hence continues to incur significant delay in

practice [38, 52]. Further, none of the other proposals for improving the steering delay

have been evaluated with mmWave phased arrays, and the vast majority of them are

purely theoretical.

This thesis introduces Agile-link, the first mmWave beam steering system that is

implemented and evaluated on phased arrays, and demonstrated to find the correct

beam alignment without sequentially scanning the space. We focus on the hardware

platform and then address key issues related to using phased array antennas for

hashing.

Agile-link’s design relies on a combination of smart hashes and voting. Specifically,
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Figure 1-1: Millimeter Wave Phased Arrays The figure shows mmWave phased arrays
which use phase shifters to control the phase on each antenna and steer the beam.

there are only a few paths that the mmWave signal can take between the transmitter

and receiver [31, 3]. Thus, instead of trying all beam directions, Agile-link works

by hashing spatial directions into bins, where each bin collects energy from a large

number of directions. Agile-link can then ignore all bins that have no energy and focus

on those with high energy because they contain the correct signal alignment. Agile-

link uses a few carefully-crafted hash functions which allows it to quickly identify the

best beam alignment by observing how the energy changes across bins, from one hash

function to another.

Designing appropriate hash functions for this problem is challenging. First, while

in theory there are many good hash functions that one could apply to the signal, in

practice we are allowed to change only the phases on the phase shifters (see Fig. 1-1).

We are neither allowed to manipulate the magnitude of the signal on the individual

antennas nor allowed to turn off some antennas. This renders many of the standard

hashing techniques useless and significantly constrains the space of hash functions.

Second, the design of the hash functions has to deal with the possibility of signals

along different directions being hashed to the same bins, combining destructively and

canceling out. The specific hashing techniques are outside the scope of this thesis as

they were developed by a colleague.

We have built a full-fledged mmWave radio capable of fast beam steering. This

mmWave radio operates as a daughterboard for the USRP software radio. This en-

ables easy manipulation of mmWave signals using standard GNU-radio software, and
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helps bring mmWave to the GNU-radio community. The platform operates in the

ISM band at 24GHz. Each phased array has 8 antennas, but the same device can

have multiple such phased arrays. The design enables all USRP-GNU functions to

be performed in mmWave frequencies. For example, one can control the bandwidth

of the signal, change the center frequency, and coordinate multiple USRPs with a

shared clock to act as a MIMO device.

We have also developed calibration techniques for the phased-array antennas which

eliminate side-lobes when steering the signal to different angles. This greatly reduces

the unwanted side effects of steering. These results were used to evaluate Agile-link’s

hashing algorithm and were also used as a benchmark for calibration quality.

We evaluate Agile-Link using our SDR mmWave radio. We compare Agile-Link

with two baselines: an exhaustive scan of the space to find the best beams, and

the quasi-omindirectional search proposed in the 802.11ad standard. Our evaluation

reveals the following findings:

∙ In comparison with the exhaustive search, Agile-link reduces the search time

by one to three orders of magnitude, for array sizes that range from 8 antennas

to 256 antennas. In comparison to the quasi-omindirectional search, Agile-link

reduces the delay by 1.5x to 10x, for the same range of array sizes.

∙ The improved steering delay of the quasi-omindirectional search with respect to

the exhaustive search comes at the cost of worse SNRs. In particular, the 90𝑡ℎ

percentile SNR loss in multipath scenarios is 12 dB. In contrast, Agile-link’s

SNR loss in multipath scenarios is only 2 dB.

∙ We use our Agile-link platform to study the performance of mmWave phased

array radios operating in the 24GHz ISM band. Our results show that these

radios can support delivering up to 256 QAM modulation and can easily operate

at distances that exceed 100 meters.

We believe the tests and implementation strategies described here show that Agile-

link provides an important leap towards practical mmWave networks.
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Chapter 2

Millimeter Wave Primer

Millimeter wave systems have to use large antenna arrays to compensate for the high

pathloss and attenuation that wireless signals experience at mmWave frequencies.

Unlike traditional wireless systems having a digital TX/RX chain per antenna in

mmWave is prohibitively expensive because of the large number of antennas needed

to beamform the signal. As a result, mmWave phased arrays use analog phase shifters

that control the phase on each antenna and allow us to steer the beam as shown in

Fig. 1-1. This creates a challenge: since we do not have a digital chain per antenna,

we cannot estimate the channel on each antenna separately like we currently do in tra-

ditional wireless systems. Hence, we cannot immediately discover the direction where

the strongest power is arriving from and steer the beam in that direction. Instead,

mmWave systems have to search for the correct beam alignment of the transmitter

and the receiver.

Discovering the correct beam alignment is expensive. An exhaustive scan of the

different directions of the beams can take a long time. Specifically, for a phased array

with 𝑁 antennas, each of the transmitter and receiver has to try 2𝑁 beams in order

to cover the different directions in space [38], as shown in Fig. 2-1.1 This requires

4𝑁2 measurements to scan the entire space and align the beam of the transmitter

with that of the receiver. Since each measurement requires a packet transmission, the

1The number is 2𝑁 to ensure there is overlap between the beams; otherwise the best alignment
could be at the edge between two beam positions.

13



  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

Figure 2-1: Beam Scanning The figure shows that a phased array with N antennas has to
try 2N beams in order to cover different directions in space. In this figure N = 8.

process of establishing a link can take an extremely long time [38, 52].

Further, beam alignment has to be done often because of the low coherence time at

mmWave frequencies. Specifically, the wavelength is very small at mmWave frequen-

cies, and hence even the slightest motion or change in the enviroment can significantly

change the channel leading to a channel coherence time of sub-millisecond [31]. This is

orders of magnitude smaller than that of today’s cellular and WiFi networks. Hence,

this expensive process of beam alignment has to be done quite often which is very

detrimental to the throughput in cellular systems and wireless LANs.

Several mmWave measurement studies show that mmWave channels are very

sparse with at most 2 to 3 paths between a transmitter and receiver [31, 3, 38, 39].

Given that there are only 𝐾 ≪ 𝑁 paths between a transmitter and receiver, there are

at most 𝐾 directions from which the signal can leave the transmitter and 𝐾 direc-

tions from which it can arrive at the receiver. The 802.11ad standard leverages this

structure to speed up the search process. While there are several variations of the

standard presented in different documents, at a high level, the standard uses three

stages in order to establish a link between an access point (AP) and a client [23, 50]:2

1. Sector Level Sweep (SLS): In this stage, the AP sets its receiver beam

pattern to a quasi-omnidirectional beam ie, a very wide beam that covers an

almost omni directional range. The client then scans and transmits using all

its 2𝑁 beam patterns. Next, this process is repeated with the client setting its

2For simplicity, we assume both AP and client have 𝑁 antennas.
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receiver antenna to quasi-omnidirectional and the AP sweeping through its 2𝑁

transmit beams. At the end of this stage, the AP and client each pick the 𝛾

transmit directions that deliver the largest power.

2. Multiple sector ID Detection (MID): In this stage, the scanning roles are

reversed. The AP sets its transmit antenna to quasi-omnidirectional while the

client sweeps through its receive beams. Then, the client sets it transmit an-

tenna to quasi-omnidirectional while the AP sweeps through its receiver beams.

At the end of this stage, the AP and client each pick the 𝛾 receive directions

that deliver the largest power. Since the direction of the paths that the signal

traverses is the same for transmission and reception, there should be no differ-

ence between the output of the SLS stage and this stage. In fact, this stage is

optional in the standard (see section 9.35.3.1 in [23]) and is included in case of

imperfections in the quasi-omnidirectional receive patterns.

3. Beam Combining (BC): In this stage, each of the 𝛾 best transmit/receive

directions at the AP are tried with each of the 𝛾 transmit/receive at the client.

Hence, 𝛾2 combinations are tested and the combination of transmit and receive

beam directions that deliver the maximum power is then selected and used for

beamforming during the data transmission. This stage is also optional in the

standard. However, unlike the MID stage, it is highly needed in practice because

of multipath ie, we cannot set 𝛾 = 1 and skip this stage.

This process reduces the number of measurements to 8𝑁+2𝛾2(𝑜𝑟 4𝑁+𝛾2 in case

MID is skipped) which is 𝑂(𝑁+𝐾2) since 𝛾 = 𝑂(𝐾) where 𝐾 is the number of paths

between transmitter and receiver. This still requires significant time as demonstrated

in [52, 38]. It also suffers in multipath scenarios as we will show in Chapter 7.
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Chapter 3

Related Work

The related work can be classified into the following areas:

Practical mmWave Phased Array Systems: Working implementations of phased

array mmWave systems have been limited to industry with very few known examples

such as Qualcomm’s 28 GHz demo [7], Samsung’s 28 GHz prototype [35], and 60

GHz products from two startups: Wilocity and SiBeam [1, 36].1 However, none of

these systems present a steering algorithm or measurements of steering delays. In

fact, current products are designed for static links [36, 1] and hence take a long time

to steer the beam and are not suitable for mobile or multi-user networks [52].

Point-to-Point mmWave Communication: Recent interest in mmWave commu-

nication has led to a lot of demonstrations of point-to-point links for Data Centers

applications [18, 51, 11] as well as cellular picocells and WiFi applications [52, 39, 38].

These implementations mainly focus on using horn antennas to direct the beam. Horn

antennas, however, require mechanical steering and are not suitable for non-static

links or multi-user networks. In addition to using horn antennas, the work in [52]

uses the Wilocity chipsets found on Dell Latitude 6430U laptops and shows that they

take multiple seconds to align the beam. Similarly, the work in [38] uses horn an-

tennas to evaluate the 802.11ad standard and shows that it can also take multiple

1Note that there are other mmWave products on the market [24, 27]. However, they do not
support phased arrays and require the use of horn antennas. Further, while the circuits community
produced several VLSI chips for mmWave phased arrays [34], these chips have not been demonstrated
to work as part of a full-fledged mmWave communication system.
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seconds to align the beam in the right direction which confirms the need for fast beam

searching algorithms. The closest to our work is [39] which tries to avoid expensive

beam searching by predicting the next best beam to switch to in the case where the

current beam gets blocked due to human motion. The work, however, focuses on

static links and assumes that signal propagation paths are known and measured a

priori which is not the case in dynamic and mobile networks.

mmWave Measurement Studies and Channel Profiling: Our work is also

related to several measurement studies that use horn antennas to profile the wireless

channels in mmWave networks both indoors and outdoors [38, 31, 3, 40, 48, 41, 37,

45, 32, 10]. These studies confirm the sparsity of the wireless channel at mmWave

frequencies showing only 2 to 3 paths between transmitter and receiver. They also

emphasize the large overhead of beam searching and hence motivate the need for

faster algorithms.

Simulation Based Beam Searching Methods: There is a large body of theoret-

ical work that proposes more efficient beam searching algorithms. Most of this work

proposes enhancements on the standard which use hierarchical beams to speed up the

search [26, 4, 49, 25, 46, 50, 42]. However, hierarchical beams are hard to generate

using fixed antenna arrays [29, 2]. The work in [2, 14] leverages compressive sensing

to optimize the signal power and create good hierarchical beams. This, however re-

quires changing the hardware architecture and connecting all the antenna elements

to around 10 to 15 TX/RX chains to achieve good beams (See Fig.5 in [2]). Such

architecture does not apply to any existing mmWave hardware and significantly com-

plicates the hardware design and increases the cost [19]. Furthermore, hierarchy-based

algorithms do not work in the worst case. Different paths can combine destructively

and cancel each other at any level of the hierarchy and hence these paths will be lost.

Agile-link’s algorithm randomizes that hashing of the directions of the paths in order

to avoid such worst case scenarios.

Sparse Recovery: Our work is also related to sparse recovery such as compressive

sensing [13, 8] and the sparse Fourier transform [21, 20] algorithms. But, these al-
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gorithms do not lend well in practice to mmWave systems because of the hardware

constraints and architecture of mmWave systems. Specifically, past theoretical work

proposes using compressive sensing to reduce the number of measurements needed to

discover the right alignment of the beam [30, 17, 16]. This approach does not work

with practical hardware because it ignores CFO (Carrier Frequency Offset) between

the transmitter and receiver. Specifically, since the measurements occur over time,

they accumulate CFO which corrupts the phase of the measurements and hence di-

verge from the underlying model. In contrast, Agile-link’s algorithm relies only on

the magnitude of the measurements to recover the correct beam alignment and hence,

does not suffer because of CFO.

Our work is also related to massive MIMO systems at GHz frequencies (i.e., fre-

quencies similar to today’s WiFi and cellular systems), where sparse recovery is again

used to reduce the overhead for discovering the angle of arrival of the signal [47, 6, 5].

These systems are intrinsically different from mmWave phased array because each

antenna is connected to its own TX/RX chain, and the channel can be immediately

estimated at each antenna. Hence, with 𝑁 antennas, these systems can immediately

retrieve 𝑁 measurements from a single packet transmission. At mmWave frequencies,

we can only measure the combined signal from all antennas in the array since they

are connected to one TX/RX chain, as shown in Fig 1-1. Hence, each measurement

requires a packet transmission and time on the channel which significantly reduces

the throughput.
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Chapter 4

Agile-Link Overview

Agile-link’s goal is to discover the spatial directions from which the signal arrives at

the receiver or departs from the transmitter in order to steer its beam and maximize

the SNR. Since the paths between transmitter and receiver at mmWave frequencies

are very sparse [31, 39], there are only a few directions in which the signal has en-

ergy. Hence, there is no point scanning and collecting measurements from all possible

directions. Agile-link instead leverages the sparsity to minimize the number of mea-

surements needed to discover the directions with highest SNR.

At a high-level, Agile-link works by hashing spatial directions into bins, where

each bin collects energy from a wider range of directions in space. (For example, one

bin may collect energy from directions 10𝑜, 55𝑜, 100𝑜, and 145𝑜.) A bin will contain

energy only if one or more of the signal’s paths matches a direction that is hashed

to the bin. Since mmWave signals have two or three paths [31, 3], only a few of the

bins will have energy, which will significantly reduce the search space to the directions

within those bins.

However, multiple paths can collide in the same bin and potentially cancel each

other –i.e., the RF waves along these paths can sum up distructively. Thus, there

is a probability that a bin may have negligible energy though it does contain the

directions of real signal paths. Hence, we need to randomize the hashing; otherwise,

we might miss the directions with high SNR. Agile-link repeats the hashing while

randomizing the directions that fall into the same bin in order to ensure that if two
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paths collide in the first hashing, they will not continue to collide and cancel each

other. After repeating the random hashing a few times, Agile-link uses a voting based

scheme to discover the directions of the signal that have energy. Specifically, for each

hashing, a direction will get a vote if it falls in a bin that has energy. Since the signal

is sparse and the hashing is randomized, directions that have energy are likely to get

a lot of votes whereas directions that do not have energy are unlikely to get a lot of

votes. Thus, the directions that have energy will have the highest votes which allows

Agile-link to discover them quickly.

But how should we hash the spatial directions into bins and how do we randomize

the hashing? In theory, there are many good hash functions that one could apply

to the signal to generate and randomize the hash. In practice, we are allowed to

change only the phases on the phase shifters (see Fig. 1-1). We are neither allowed

to manipulate the magnitude of the signal on the individual antennas nor allowed

to turn some antennas off. This renders many of the standard hashing techniques

useless and significantly constrains the space of possible beam patterns which we can

create to hash the directions to bins.
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Chapter 5

Agile-Link Software Radio Platform

We have designed and built a full-fledged mmWave radio capable of fast beam steering,

as shown in Fig.5-1. The radio operates in the new 24GHz ISM band. Its physical

layer supports a full OFDM stack up to 256 QAM. Our radio platform addresses

critical system and design issues that are described below.

(a) Heterodyne Architecture: mmWave hardware is significantly more expensive

than GHz hardware. Thus, we advocate a heterodyne architecture where the mmWave

signal is first taken into an intermediate frequency of a few GHz, before the I and

Q (real & imaginary) components are separated. Such a design reduces the number

of components that need to operate at very high frequencies (e.g., mixers, filters,

etc) and replaces them with components that operate at a few GHz, which are much

cheaper.

The architecture of Agile-Link’s receiver is shown in 5-2(b). The first block is a

mmWave phased array which allows us to steer the beam electronically. The phased

array consists of 8 antenna elements where each element is connected to a phase

shifter component. The outputs of the phase shifters are combined and fed to a

single mmWave front-end. Then, the mmWave front-end downconverts the mmWave

signal to an intermediate frequency (IF) and feeds it to the daughterboard on the

USRP which samples it and passes the digitized samples to the UHD driver.

The mmWave front-end consists of a low-noise amplifier (LNA) to amplify the

received signal, a band-pass filter to remove the out-of-band noise and interference
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(a) mmWave Radio

(b) Phased Array

Figure 5-1: Agile-Link’s Platform The figure shows (a) the mmWave radio platform we
built to operate as a daughterboard for the USRP software radio and (b) the phased array with 8
antenna elements and 8 phase shifters.

signals, and a mixer to downconvert the mmWave signal to the IF signal. The main

step of our front-end design is the generation of a high-frequency local oscillator

(LO), which is used to generate the mmWave carrier. This signal can be obtained

from a phase locked loop (PLL) working at mmWave frequencies. Unfortunately, to

the best of our knowledge, such PLLs are not available commercially. To overcome

this difficulty, we use a component called a frequency doubler. Specifically, instead

of using a mmWave PLL, we use a PLL working at much lower frequency and feed

its output to a frequency doubler to generate an LO signal at a mmWave frequency.

The mmWave transmitter architercture mirrors that of the receiver to send data

at 24Ghz. Data from the USRP is upconvertered with a mixer to create the 24Ghz

signal. This signal is transmitted through the phased array antenna as shown in

5-2(a).

(b) Integration with GNU-Radio: To support flexible development, we designed

our platform as a daughterboard for the USRP software radio. This enables easy

manipulation of mmWave signals using standard GNU-radio software, and helps bring

mmWave to the GNU-radio community. For example, one can use typical GNU-radio

functions to transmit and receive, control the bandwidth of the signal, and change the
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Figure 5-2: Agile-Link’s Architecture. The figure shows block diagrams for both Agile-
Link’s transmitter and receiver. Agile-Link uses a heterodyne architecture where the mmWave signal
is first taken into an intermediate frequency, before the I and Q components are separated.

center frequency. One can also use our radio to support mmWave MIMO functions,

in a manner similar to how one builds a MIMO USRP node –i.e., by coordinating

multiple USRPs with a shared clock to act as a MIMO device.

(c) Phased Array Calibration: mmWave phased arrays require a one-time calibra-

tion. To see the importance of such calibration, Fig.6-1 plots patterns of Agile-Link’s

phased array before and after calibration when the beam was steered at 60 degrees.

The figure shows that without calibration, the phased array has an unwanted large

sidelobe at 80 degrees. Such a sidelobe reduces the power beamed to the receiver and

can further cause interference to other mmWave connections.

The need for calibration stems from the non-linearity of phase shifters. Specifically,

phase shifters are analog components used to change the phase of an RF signal. The

phase shift introduced by a phase shifter is a function of its control voltage. This

function is typically provided by the manufacturer as a plot which shows the phase

shift for each control voltage. However, once these phase shifters are mounted on

the phased array board, they perform differently due to finite size of the antenna

array, variation in antenna’s feeding network, etc. Hence, it is required to calibrate

individual phase shifters after mounting them on the board. To do so, we fix the

input of all phase shifters except one, which we vary to scan the whole range of input.

We empirically observe the phase shift resulting from each input and create a table

that maps a phase shifter’s input to the resulting phase.

It is important to realize that each individual phase shifter has to be calibrated,

and results in a different calibration table. Fig. 6-2 plots the calibration functions

for eight phase shifter in our array. The figure shows that for the same control value,

26



phase shifters may have up to a 100 degree difference in the amount of phase shift

they introduce. Hence, instead of the specification provided by manufacturer, we use

the empirical calibration tables to adjust the phase shifters’ control voltage.

(d) Parts Used: We implemented the design in Fig. 5-2 using off-the-shelf compo-

nents. For the mmWave low-noise amplifier (LNA) and power amplifier (PA), we use

Hittite HMC-C020 and Quinstar QLW-2440, respectively. For the mmWave mixer,

we use Marki M1R-0726MS. To generate local oscillator (LO) signals, we use Analog

Devices ADF5355 PLL and Hittite HMC-C035 frequency doubler. We use USRP

X310 as an IF and baseband signal processing unit. The phased array is designed

using HFSS software and fabricated on printed circuit board (PCB) using Rogers

substrate. The phased array includes 8 antenna elements separated by 𝜆
2
, where each

element is connected to a Hittite HMC-933 analog phase shifter. We use Analog De-

vice AD7228 digital-to-analog converters (DAC) and Arduino Due micro-controller

board to digitally control the phase shifters.

(e) Implementation Details: The phased-array antenna is implemented using an

Arduino Due and an 8 output DAC. Each output of the DAC is connected to one of

the phase-shifters on the phased array antenna. This way the Arduino can control

each phase shifter individually. The Arduino writes a value between 0 to 255 to the

DAC which, in turn, sends a voltage between 0 and 5V, respectively, to each phase

shifter. The amount of phase shift as a function of input voltage is shown in Fig.

6-2. Using the calibration values from the figure we are able to steer the beam to the

desired locations.
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Chapter 6

Phased Array Calibration

Similar to phased arrays working at a few GHz, mmWave phased arrays also require a

one-time calibration. To see the importance of such calibration, Fig.6-1 plots patterns

of Agile-Link’s phased array before and after calibration when the beam was steered

at 60 degrees. The figure shows that without calibration, the phased array has a

unwanted large sidelobe at 80 degrees. This means that a significant amount of

power is radiated at some angles which is not desirable. This non-ideality is due to

the fact that there is a big difference between the specifications of a phase shifter and

how it performs in practice once mounted on the radio board.

Phase shifters are RF components used to change the phase of RF signal. The

amount of the phase shift introduced by a phase shifter is a function of their control

voltage. This function is typically provided by manufacturer as a plot which shows the

phase shift for each control voltage. However, once these phase shifters are mounted

on the phased array board, they perform differently due to finite size of the antenna

array, variation in antenna’s feeding network, etc. Hence , it is required to calibrate

individual phase shifter after mounting them on the board.

To calibrate the phase shifters, one can look at the output of individual phase

shifter and see how it performs (i.e. finding the introduced phase shift for every

control voltage). In our case, since the output of multiple such phase shifters are

combined and connected to a single Tx/Rx chain (see Fig. 5-2), we cannot directly

isolate the output signal of one phase shifter from another. Instead, we use a method
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Figure 6-1: Phased array radiation pattern. The figure plots the phased array radiation
pattern for (a) before and (b) after calibration when the beam was steered at 60 degrees. The figure
shows that without calibration, the phased array has an unwanted large sidelobe at 80 degrees. The
calibration improves the radiation pattern of the phased array by minimizing the sidelobe.

called Rotating Element Electric Field Vector (REV) to isolate the impact of one

phase shifter on the signal of phased array. Specifically, we measure the amplitude

variation of the phased array signal while the control value of only one phase shifter

is incremently shifted from 0 to 255(i.e. max of 8’b) with the other phase shifters

held constant. The signal of a phased array is given by the sum of the signal of phase

shifters. Hence, when we change the phase of a phase shifter, the summed signal

varies as the signal of the phase shifter rotates. We measure the amplitude variation

of the sum signal and determine the phase of the phase shifter for each control voltage.

We use the process described above to calibrate the Agile-Link’s phase shifters.

Fig. 6-2 demonstrates the performance of individual phase shifters mounted on Agile-

Link’s phased array. The figure plots the phase shift introduced by each phase shifter

versus the value of its 8-bits control line. As can be seen, for the same control value,

phase shifters may have up to 100 degrees difference in the amount of phase shift they

introduce. Hence, instead of the specification provided by manufacturer, we use this

plot to adjust the phase shifters’ control voltages to generate correct phase shifts.
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Figure 6-2: Phase Shifters’ Performance. The figure shows the amount of phase shift
introduced by each phase shifter (mounted on Agile-Link’s phased array) versus the value of its
8-bits control line. Phase shifters performs differently once they are mounted on the board.
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Chapter 7

Experimental Results

We evaluate Agile-Link’s performance using both indoor and outdoor experiments.

For indoor scenarios, we ran experiments in an office/lab area with standard furniture

and multipath effects. We also ran experiments in an anechoic chamber, where we can

accurately measure the ground truth. The anechoic chamber walls are covered with

RF absorbers to eliminate multipath and isolate the space from exterior interference.

This isolation is necessary to measure the ground truth path traveled by the signal

without having RF reflections. Outdoor scenarios involved setting up the system in

an open-air park area. We ran our experiments in the 24 GHz ISM band. We use a

total of 4 Agile-Link radios, each of them equipped with an 8-antenna phased array.

In some experiments, two USRP radios are connected via an external clock to create

a MIMO base station. The radios are moved around in the lab and the outdoor space

to cover various client locations.

7.1 Agile-Link’s Beam Searching Performance

We start by evaluating Agile-Link’s ability to identify the best beam alignment

quickly. Below we describe the baselines we compare against, the metrics we use,

the experiments we ran and our results.

A. Baselines:

We compare against two baselines.
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∙ Exhaustive Search: In this case, the transmitter and the reciever each uses

2𝑁 different beams to scan the different directions as was described in Chap-

ter 2. This takes 4𝑁2 measurements. Then, the combination of transmitter

and receiver beams that delivered the maximum power is picked and used for

beamforming during data transmission.

∙ 802.11ad Standard: Recall from Chapter 2 that in this case, the transmitter

sets its antenna array to a quasi-omnidirectional mode while the receiver scans

2𝑁 directions of the beam. This is followed by the receiver setting its antenna

array to a quasi-omnidirectional mode while the transmitter scans 2𝑁 beams.

Then, the 𝛾 transmit and receive beams that delivered the highest power are

tested against each other, i.e., 𝛾2 combinations are tried. The combination that

delivers the maximum power is then picked for beamforming.

B. Metrics:

We evaluate the performance of Agile-Link’s beam searching algorithm along two

axes. The first is the accuracy in detecting and aligning the beams of the receiver and

transmitter. In this case, our metric is the SNR loss versus the optimal alignment, i.e.,

how much SNR could we have gained had we known the ground truth. We calculate

this metric by measuring the SNR achieved by our beam alignment and subtract it

from the SNR achieved by the optimal alignment.

𝑆𝑁𝑅𝑙𝑜𝑠𝑠 = 𝑆𝑁𝑅𝑜𝑝𝑡𝑖𝑚𝑎𝑙 − 𝑆𝑁𝑅𝐴𝑔𝑖𝑙𝑒−𝐿𝑖𝑛𝑘 (7.1)

The lower the SNR loss, the higher our accuracy in detecting the direction of the

signal. In order to measure the optimal SNR, we ran experiments in an anechoic

chamber where there is no multipath and we can accurately measure the ground

truth direction of the signal and align the beams along those directions. We also

ran experiments in multi-path rich environments. In this case, since we do not know

the ground truth, we compute the SNR loss metric relative to the exhaustive search
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baseline described above.

𝑆𝑁𝑅𝑙𝑜𝑠𝑠 = 𝑆𝑁𝑅𝐸𝑥ℎ𝑎𝑢𝑠𝑡𝑖𝑣𝑒 − 𝑆𝑁𝑅𝐴𝑔𝑖𝑙𝑒−𝐿𝑖𝑛𝑘 (7.2)

The second axis is the latency in identifying the correct beam alignment. Here,

we compute two metrics. The gain verses the exhaustive search baseline and the gain

verses the 802.11ad standard.

C. Beam Alignment Accuracy vs. the Ground Truth:

As described above, we first run the experiments in an anechoic chamber, where

there is only one strong path that we can accurately measure as our ground truth.

For each experiment, we place Agile-Link’s transmitter and receiver at two different

locations. We then change the orientation of the transmitter’s and receiver’s antenna

arrays with respect to each other. Since there is only a single line-of-sight path in the

anechoic chamber, this path will appear at a different direction at the transmitter

and at the receiver depending on the orientation of the antenna arrays. Hence, this

allows us to test any combination of directions from which the strongest path can

leave the transmitter and arrive at the receiver. For each setting, the transmitter

then transmits packets consisting of OFDM symbols. The receiver receives these

packets, and computes the directions of the best beam alignment. We then steer

the beams based on the output of the alignment and measure the SNR achieved by

this alignment. We repeat each run with Agile-Link’s beam searching algorithm, the

exhaustive search and the 802.11ad standard. In order to calculate the optimal SNR,

we align the beams along the direct line of sight since it is the only path and then

try very fine grained adjustment to lock in on the best SNR.

Fig. 7-1 plots a CDF of the SNR loss for Agile-Link’s beam searching scheme,

the exhaustive search and the 802.11ad standard. The figure reveals two interesting

points:

∙ The figure shows that Agile-Link performs better than the two baselines in

that it has minimal SNR loss. While all schemes have a median SNR loss below

1dB, the 90𝑡ℎ percentile SNR loss for both exhaustive search and the standard is
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3.95dB which is higher than the 1.89dB SNR loss of Agile-Link. This is because

the standard and exhaustive search choose to steer using the best beam from the

set of 2𝑁 beams which they tested. However, this does not cover all possible

directions. In this case, they will end up picking the closest beam which is

not necessarily optimal. SNR loss is further exasperated by the fact that this

can happen on both sides i.e., the transmitter and the receiver. In contrast,

Agile-Link uses the beams as probability distributions and picks the angle that

maximizes the probability of beaming toward the strongest path. Thus, Agile-

Link can discover the direction of the path beyond the 2𝑁 directions used by

exhaustive search and the standard.

∙ The figure also shows that standard and exhaustive search have similar perfor-

mance. This might seem surprising since one may expect exhaustive search to

find a better beam alignment since it spends more time searching the space.

However, it is important to recall that the standard differs from the exhaustive

search only in the first stage where it uses a quasi-omnidirectional beams to

limit the search space to a few top candidates. In the final stage, the standard

tries all possible combinations of these candidate beams. Since there is only

one path in this experiment, as long as the best beam is picked as one of the

candidate beams in the first stage, the standard will converge to the same beam

alignment as the exhaustive search. In the next section we will show that this

does not hold in multipath settings.

D. Beam Alignment Accuracy in Multipath Environments:

We repeat the above experiments in an office/lab area where, due to multipath,

the signal can arrive from different directions. In this case, we do not have the ground

truth for the direction of strongest path and hence we measure the SNR loss relative

to the exhaustive search baseline. Note that since exhaustive search exhaustively tries

all possible combinations of directions, it is not sensitive to multipath and maintains

its performance.

Fig. 7-2 plots a CDF of SNR loss for Agile-Link and the standard with respect to
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Figure 7-1: Beam Accuracy with a Single Path The figure shows the SNR loss due to
beam misalignment for Agile-Link, standard and exhaustive search.
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Figure 7-2: Beam Accuracy with Multipath The figure shows the SNR loss of standard
and Agile-Link with respect to the exhaustive search.

the exhaustive search. The figure shows that the standard performs much worse in

multipath scenarios. Specifically, instead of having a similar SNR to the exhaustive

search as before, the median and 90𝑡ℎ percentile SNR loss (with respect to exhaustive

search) are 4dB and 12.5dB, respectively. This is due to the fact that the standard

is using its phased array as a quasi-omnidirectional antenna and hence the multiple

paths can combine destructively and get lost. Further, due to imperfections in the

quasi-omnidirectional patterns, some paths can get attenuated and hence the stan-

dard can easily choose the wrong direction to align its beam. In contrast, Agile-Link

performs well even in the presence of multipath. Specifically, the median and 90𝑡ℎ per-

centile SNR loss with respect to exhaustive search are 0.1dB and 2.4dB, respectively.

Finally, the figure also shows that, in some cases, the Agile-Link SNR loss with respect

to exhaustive search is negative. This is because in some case, Agile-Link performs

better that exhaustive search for the same reasons described above.
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Figure 7-3: Beam Searching Latency The figure plots the reduction in search time for
Agile-Link compared to standard and exhaustive search.

E. Beam Alignment Latency:

Next we would like to evaluate the gain in latency that Agile-Link delivers over

the two baselines. However, since our radio has a fixed array size we cannot empir-

ically measure how this gain scales for larger arrays. Hence, we perform extensive

simulations to compute this gain for larger arrays and we use our empirical results

from our 8-antenna array to find the delay for this array size.

Fig. 7-3 plots the reduction in latency that Agile-Link achieves over exhaustive

search and the standard. The figure shows that, for an 8-antenna phased array, Agile-

Link can reduce the search time by 5.3× and 1.2× compared to exhaustive search

and standard, respectively. The gain increases quickly as the number of antennas

increase. This is because the search time is directly proportional to the number of

measurements collected by each scheme. Recall that, exhaustive search requires a

quadratic number of measurements as a function of the array size since it uses 4𝑁2

measurements. The standard is linear in the antenna array size since it uses 4𝑁 + 𝛾2

measurements as explained earlier. Agile-Link is sublinear in the array size and uses

only 𝐾2 log𝑁 measurements as described earlier.1 Thus, the gain of Agile-Link over

exhaustive search and the standard increases very fast. For arrays of size 256 is 10×

better than the standard and multiple orders of magnitude better than exhaustive

search.

1We set 𝐾 to 4 since most empirical measurement studies [31, 3, 38, 39] show that at mmWave
frequencies the channel has only 2 to 3 paths.
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7.2 Agile-Link’s Platform Performance

Agile-Link is not only a beam-steering system. It is a full-fledged steerable mmWave

phased-array platform. Much of the previous work on mmWave measurements is

performed using horn antennas that emulate mmWave phased-array. Thus, in this

section, we use Agile-Link to study the performance of mmWave communication with

actual phased arrays. Our results give insights to the performance of wireless com-

munications in the 24GHz ISM band. They also demonstrate the high performance

of Agile-Link’s platform and its flexibility that allows us to extend it to enable Multi-

User MIMO.

A. Agile-Link’s Performance:

We first evaluate Agile-Link’s ability in enabling high data rates and long range

communication using phased arrays. We measure the effective SNR of the received

signal for different distances between Agile-Link’s receiver and transmitter. Both

transmitter and receiver are using phased array antennas and the transmit power

complies with FCC part15. At each distance, we run 30 different measurements where

we transmit OFDM packets. We then decode the packets and calculate the effective

SNR at the receiver side. Fig. 7-4 shows the effective SNR at the receiver side versus

the distance between transmitter and receiver ranging from 2.5 m to 100 meters. The

figure shows that Agile-Link provides SNR of more than 30 dB for distances smaller

than 10 m. As expected, the SNR degrades as the distance increases. However, even

at 100 meters, Agile-Link enables an SNR of 17 dB which is sufficient for relatively

dense modulations such as 16 QAM [43].2

Fig. 7-5 zooms in on the OFDM modulations at two different distances. The figure

shows the constellation for 256 QAM and 16 QAM signals received at 2.5 and 100

meters, respectively. This provides visual evidence that the receiver can accurately

decode the received signal, even for very dense constellations like 256 QAM and hence

can deliver very high data rates.

2Note that, while one would expect higher SNR at closer distances, the increase in SNR is limited
by the dynamic range of the USRP.
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Figure 7-5: 256 QAM and 16 QAM constellation. Figure shows that Agile-Link
provides a full OFDM PHY capable of delivering up to 256 QAM and 16QAM for short and long
distances, respectively.

B. Agile-Link’s Extension MU-MIMO:

Agile-Link provides a flexible platform that operates as a daughterboard for the

USRP software radios. One can use multiple Agile-Link radios to support mmWave

MU-MIMO. This is done in a similar manner to how one builds a MIMO USRP node

at lower frequencies. We simply connect two USRPs each equipped with an Agile-Link

daughterboad to an external shared clock and we connect the Agile-Link radios to the

single PLL described in Chapter 5. This gives us a mmWave MIMO node with two

chains. We use this node as an access point (AP) transmitter and we implement MU-

MIMO enabling it to send two streams simultaneously to two independent clients. We

vary the positions of the clients in our office space and measure the gain in throughput

of using Agile-Link’s MU-MIMO over a mmWave system with no MIMO capability

where the access point transmits only one stream at any point in time. Fig. 7-6 shows

the gain of Agile-Link’s MU-MIMO system. The figure shows that MU-MIMO has

increased the network throughput by an average of 1.6×.
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Figure 7-6: Agile-Link MU-MIMO Network Throughput Gain The figure shows
that Agile-Link design is flexible and can be used to provide mmWave MU-MIMO.

7.3 Importance of Calibration

Finally, we would like to emphasize the importance of calibration. In Chapter 6, we

described how Agile-Link calibrates the phase shifters. Here, we evaluate the impact

of such calibration on improving the phased array radiation pattern. To do so, we

measure and compare the pattern of the phased array before and after the calibration

process. We run 120 experiments for a variety of beam directions on 4 different

phased arrays (two transmitter and two receiver arrays). We run these experiments

in an anechoic chamber designed for antenna measurement. To calibrate the phased

array on the transmitter, we use a horn antenna with a narrow beam at the receiver

side facing the transmitter. The phased array is mounted on a pole equipped with

a precise step motor. We setup the phase shifters of the array to steer at a specific

angle, then we rotate the phased array antenna from 0-180 degrees while the horn

antenna is receiving the transmitted signal. We measure the received power at each

angle which gives us the radiation pattern. We perform the same experiments to

calibrate the receiver’s phased arrays while the horn antenna is used for transmitting.

For each measured pattern, we calculate the sidelobe level (SLL), which is the

sidelobe power relative to the peak power of the main beam. Higher SLL numbers

imply that the antenna array leaks more power outside the main beam, which impedes

its beamforming and creates interference. Fig. 7-7 plots a CDF of SLL for our phased

arrays before and after calibration. The figure shows that without calibration, the

median SLL is -4.48dB, while calibration reduces it to -8.76dB. These results suggest
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Figure 7-7: Performance of Phased Array Calibration. CDF of sidelobe level relative
to the main beam with and without calibration. The figure shows that Agile-Link’s calibration
significantly reduces the radiation outside of the main beam.

that calibration improves the directionality of the phased array’s beam which improves

communication range and data rate, and reduces interference.
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Chapter 8

Conclusion

In this thesis, we have presented Agile-Link, the first implemented phased array

mmWave system that is capable of fast beam steering. Agile-Link delivers a new

algorithm that finds the correct alignment of the beams between a transmitter and a

receiver orders of magnitude faster than existing radios that have to scan the entire

space to find the best alignment. This process currently takes up to a few seconds

which is impractical for dynamic and multi-user networks where the direction of

alignment is constantly changing. Agile-Link also delivers a full-fledged mmWave

radio platform which operates as a daugtherboard for the USRP software radio and

helps bring mmWave to the GNU-radio community.

Finally, the high data rates that mmWave communication can deliver makes it an

indespensable part of future cellular newtorks and wireless LANs. We believe Agile-

Link brings us closer towards practical mmWave networks, and its software radio

platform opens up mmWave research to the networking community.
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