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ABSTRACT

THz communication has the potential to realize an order of

magnitude increase in data rates due to the availability of

wide THz-scale spectral bands. Unfortunately, establishing and

managing highly directional beams in THz networks is challenging

as links lack the “pseudo-omni” reception capability of lower bands

and the product of AP-client beam resolution is high due to narrow

beams of only a few degrees. In this paper, we present One-shot

Path discovEry with a THz RAinbow (OPERA), a novel system that

identifies dominant paths between the AP and all clients in order

to efficiently steer directional beams. The key idea is to embed

path direction into the inherent characteristics of signals traveling

along each path. To do so, we exploit a single leaky wave antenna

and create a THz Rainbow. A THz Rainbow transmission consists

of distinct signals with unique spectral characteristics across the

angular domain. Leveraging the spatial-spectral signatures in the

THz Rainbow, all receivers can correlate the measured signal with

the known transmission signatures to discover the sender’s path

directions in one-shot. Our experiments demonstrate that OPERA

achieves average direction estimates within 2◦ of ground truth for

LOS and reflected paths.
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1 INTRODUCTION

Driven by increased spectrum availability at 60 GHz, multi-Gb/sec

wireless transmission is now feasible and is already standardized

in IEEE 802.11ad/ay [7, 23]. Scaling spectrum access towards the

terahertz (THz) regime, from 0.1 to 1 THz, can realize the next

order of magnitude in data rate due to the availability of even

wider spectral bands. However, efficient coordination of spatial

resources is a fundamental challenge in THz-scale networks with

highly directional beams. In particular, given that THz links lack

the “pseudo-omni” reception capability available at millimeter

wave, techniques from [7, 23] cannot be applied. Moreover, due

to their inherently more directional nature (narrow beams of

only a few degrees [6] as opposed to tens of degrees in mmWave

beams [28, 31]), the number of possible sender-receiver beam pairs

is significantly increased, rendering the overhead of exhaustive

testing infeasible.

In this paper, we present OPERA, One-shot Path discovEry with

a THz RAinbow, a novel system that identifies high-rate physical

paths between the Access Point (AP) and all clients via a single-shot

THz pulse transmission. Due to high path loss in THz bands, only

a few dominant paths exist between a pair of nodes, e.g., one

line-of-sight (LOS) path and possibly a small number of reflected

paths.

Our key idea is to transmit distinct signals with unique

signatures across different angles such that each physical path has

its own signature. To create a unique signature in each direction

simultaneously, we introduce a novel THz node architecture in

which the AP and clients are equipped with a Leaky Wave Antenna

(LWA).1 A LWA allows traveling wave to leak from a waveguide

into free-space with the unique property that the emission angle

from the waveguide is coupled to the frequency of the input signal

via a simple closed form and monotonic relationship [13]. We

exploit this property in new ways and develop the first LWA-based

path discovery system: First, we create a “THz Rainbow” by

exciting the LWA with a time-domain THz pulse (equivalently,

a broadband signal in frequency-domain) such that the signal

emitted at each angle has a unique signature, thus filling the

entire angular space with signal. Namely, each direction has a

unique spectral peak or “color” due to the LWA’s frequency-angle

coupling. Second, in addition to its spectral peak, known from

[13], we discover that each direction also has a unique spectral

signature. Consequently, we develop a model for predicting the

angle-dependent spectral signature, based on the physics of EM

1We interchangeably use leaky waveguide and leaky wave antenna in this paper.



waves propagating through and emitting from LWAs. The model

is a deterministic function of the LWA geometric properties and

thus can be known a priori by the AP and clients. With this design,

the receiver can correlate its received portion of the THz Rainbow

with the known transmission signatures, thereby identifying the

transmission direction of each of the sender’s paths.

Our design is a non-coherent path discovery scheme in that it

only requires power measurement at the receiver, and not phase

information. This relaxation simplifies the THz node architecture,

eliminates the need to keep tight synchronization between the

transmitter and receiver, and is robust to small-scale channel

variation (as opposed to phase with substantial sensitivity to

sub-millimeter scale movement in the THz regime). Moreover,

path discovery in OPERA is scalable, such that all clients can

simultaneously and independently identify their LOS and NLOS

paths via analyzing their received power spectrum from a

single-shot transmission of the THz pulse shaped by a LWA.

Leveraging the design of OPERA, we present the first single shot

single antenna path discovery system in THz networks. We implement

the key components of OPERA on a THz testbed and perform

extensive over-the-air experiments in various settings. Our testbed

consists of a THz pulse generator, broadband receivers, and custom

LWAs. Our key findings are as follows:

(i) We experimentally demonstrate a THz Rainbow for the first

time and measure its complex spatial-spectral profile. We find

that any frequency component within the bandwidth of source

emerges from the LWA in a range of emission angles, including but

not limited to the angle known from literature [13]. In addition,

we observe that the angular span of such emissions is itself

frequency-dependent causing a unique spatial-spectral signature

at each direction.

(ii) Even though the spectral peak has a one-to-one relationship

with emission angle, our experiments reveal that discovering

paths solely via this relationship incurs critical limitations: (1)

estimation accuracy is not robust across the entire angular range

and (2) reflected paths non-uniformly impact power over different

frequencies which can lead to a spectral peak shift and subsequent

estimation inaccuracy.

(iii) Instead, OPERA takes advantage of the unique

spatial-spectral signatures of the THz Rainbow and achieves

average estimation error of < 1.1◦ for the first path and < 1.9◦ for

the second path.

(iv)Moreover, we exploit the path directions provided by OPERA

to adapt directional THz beams under client mobility. We find that

the non-zero error in path estimates causes slightly misaligned

beam steering and subsequent SNR penalty of 0.29 dB on average.

Yet, as the time interval between two path discovery measurements

increases, the corresponding SNR loss becomes larger. Interestingly,

our analysis shows that the time overhead of a THz Rainbow is

orders of magnitude smaller than regular client mobility time-scales.

Hence, the overhead of OPERA, even if executed before every data

transmission, is relatively small.

The rest of this paper is organized as follows: Sec. 2 illustrates

our system architecture. Sec. 3 presents the design of OPERA.

Sec. 4 introduces our experimental platform and Sec. 5 describes

the evaluation results. Sec. 6 reviews the related work and Sec. 7

concludes this paper.

Figure 1: A Leaky Wave Antenna in which the input signal

emerges from the slot such that the maximum emission

angle ϕf is related to input frequency via Eq. (1). The larger

the input frequency, the lower the emission angle relative

to the plate’s axis.

2 SYSTEM ARCHITECTURE

In this section, we provide background on LWAs and introduce our

THz control plane architecture.

2.1 Primer on Leaky Wave Antennas

A LWA consists of a pair of parallel metal plates with open sides

and a slot in one of the metal plates. Fig. 1 depicts a LWA device

with separation b between its two metal plates. By opening a single

slot in one of the two plates, we permit some of the radiation to

“leak" out into free space.

Angle-Frequency Relation. The energy emitted at a

particular angle is a function of input frequency with the

overall emission pattern known to be very complex. With some

simplifications, Maxwell’s equations with boundary conditions

between the waveguide mode and free space mode yield a direct

relation between the maximum emission angle and the frequency

of the input signal [9]. For the lowest transverse-electric mode, we

can derive [15]:

ϕf = sin
−1

(
c

2b f

)
, (1)

where f is the frequency of the input signal, c is the free-space

light speed, and b represents the distance between the two metal

plates. Other geometrical parameters, such as the width and length

of the leaky-wave aperture, can impact the efficiency of energy

transfer between the guided mode and free-space, but not the

maximum-energy emission angle. The subscript f inϕf emphasizes

that, given a fixed LWA structure, this angle is solely a function of

input frequency. Moreover, Eq. (1), which we also refer to as a first

principle model, suggests that the larger the input frequency, the

lower the emission angle from the slot.

Conversely, when operated as a receiver, free-space waves

with the frequency f would couple best into the waveguide if

they are arriving at the slot with the correct angle ϕf . Thus,
one can expect a simple and monotonic relationship between

frequency and maximum-energy angle, for both the case of a

guided wave radiating into free space and the case of a free-space

wave impinging on the device and coupling to a guided wave (i.e.,

for both transmission and reception of signals).
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Figure 2: The control plane architecture consisting of a LWA,

a broadband transceiver, and a broadband RX.

2.2 Node Architecture

We exploit LWAs in the control plane to discover dominant paths in

highly directional THz channels. We equip both the AP and client

with LWAs. Fig. 2 depicts the core of our proposed node architecture

which consists of a LWA antenna, a broadband receiver (co-located

with the LWA), and a broadband transceiver that can generate THz

pulses or detect broadband (up to 1 THz) signals. In transmission

mode, the injected signal to the LWA leaks out with an emission

that falls within a sector of 90◦, depending on the frequency of the

signal. In reception mode, the waves are coupled into the waveguide

and then guided toward the broadband receiver located at end of

the metal plates.

Note that Fig. 2 shows the control plane architecture only. For

data transmission, nodes can use another beam steering architecture

(such as phased-array architecture in [29] or pixelated metasurface

structures in [14]). We consider that such data plane components

are either co-located with the LWA or their geometrical properties

are known so that we can directly map the discovered paths in the

control plane to the data plane.

Deployment Costs. LWA structures are passive, light (<3 oz),

and cheap (<$10) and can easily meet the power, size, weight,

and cost considerations of future handheld devices. Further, THz

broadband transceivers have been designed and implemented using

CMOS-technology in prior work [4]. With CMOS-technology, the

cost of a broadband transceiver in the THz regime would not be

significantly higher than today’s commercialized transceivers in

lower bands. Hence, we anticipate that the large-scale deployment

of OPERA would not raise any significant cost concerns.

Towards 360◦ Coverage. Our system uses a single LWA to

transmit within a sector of 90 degrees. The angular range can be

increased to 360◦ by extending the node architecture. In particular,

employing a multi-face LWA structure increases the angular

coverage. Yet, simultaneous transmissions from multiple LWAs

raises an ambiguity concern for the receiving node, who may not

be able to tell from which LWA a detected signal originated. One

way to tackle this issue is to exploit an additional degree of freedom

in LWAs (e.g., the shape of the leaky-wave slot, which need not

have a constant width along its length) to generate transmission

patterns with slightly different spectral-spatial signatures for each

segment. Building and testing a multi-face LWA structure would

be an interesting engineering problem that we leave for future

work. Here, for ease of exposition, we limit scope to one 90◦ sector.

3 OPERA DESIGN

In this section, we describe the design of OPERA that aims to

discover dominant physical paths in THz channels in a single shot

and using a single antenna.

3.1 Design Overview

The higher path loss in THz frequency range necessities the use of

directional beams at both sender and receiver. The best directions

to transmit are typically unknown in advance and thus different

directions need to be tested for their achievable signal strength.

In most systems, the receiver needs to be explicitly informed of

each direction the transmitter is testing so that it can notify the

sender which direction was best. For instance, in directional 60 GHz

WLANs, IEEE 802.11ad specifies a beam sweeping mechanism in

which beacons are transmitted with an explicit and unique header

in each direction [23]. Such a scheme involves several consecutive

beacons to cover all possible directions and hence the time overhead

increases with the total number of directions.

We propose OPERA, a single-shot single-antenna path discovery

platform that identifies high-rate physical paths between the AP

and clients. THz channel sparsity suggests that only a few dominant

high-rate paths (LOS and possibly first-order reflected paths) exist

between any two nodes [20]. Our key idea for path discovery is

to embed path information into the inherent characteristics of the

signal traveling along that path. In particular, we enable the receiver

to correlate the sender’s path directionwith the spectral signature of

the signal transmitted in that direction. For instance, one naive LWA

implementation would be to deploy a beam sweeping mechanism

analogous to that of IEEE 802.11ad, but vary the carrier frequency

of beacons transmitted in different directions. Even though such

an approach would assign unique spectral signatures (i.e., carrier

frequency) to different directions, it would not be a single-shot

scheme as several consecutive transmissions would be involved.

Instead, we show how to use a single leaky waveguide

antenna for efficient single-shot path discovery. In particular,

we deploy a LWA device and introduce a THz Rainbow to

simultaneously transmit waves whose spectral characteristics are

a function of emission angle. While it may seem that obtaining

the peak frequency as the direction dependent signature (i.e.,

angle-frequency coupling in Eq. (1)) would be sufficient for path

discovery, our experimental analysis shows that this is not the case.

Hence, we introduce a phenomenological model to characterize

the angular-dependent spectral signature of waves composing

THz Rainbow. Leveraging this model, we devise an optimization

framework to extract the unique features of multiple distinct paths

from the received power spectrum.

Finally, OPERA is an incoherent scheme, i.e., it solely relies on the

power or signal strength measurement (and not phase information)

to estimate the path angles. To exploit phase, the transmitter must

first send a pre-defined preamble in order for the receiver to lock

on to the phase; in contrast, OPERA eliminates the need to keep

tight synchronization between TX and RX. Moreover, it is robust to

small-scale channel variation as opposed to phase with substantial

sensitivity to sub-millimeter scale movement in THz regime. Next,

we illustrate the key components of OPERA.

3.2 THz Rainbow

Leaky wave antennas have a long history, having been used in

the RF region since at least the 1940’s [2] and more recently, in

the THz regime [15]. However, this work is the first to employ

LWAs as a control plane for the THz WLANs. We propose, for
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Figure 3: Creation of a THz Rainbow by exciting a LWA

device with a THz pulse.

the first time, to excite a LWA with a THz pulse. THz pulse

generation and its conventional applications in spectroscopy has

been studied in prior work [3]. Here we excite the LWA with a

THz pulse source (or equivalently, an ultra-broadband input signal

in frequency-domain).2 Due to the angle-frequency coupling in

a LWA, different frequency components are decomposed and

radiated into the free-space at different angles forming what we

call a “THz Rainbow.”

In this scheme, the entire space is filled with THz signals such

that different frequencies (within the bandwidth of the source)

simultaneously directed to different angles across the entire

angular range. Fig. 3 depicts the THz Rainbow with angular

dependency in the spectral signature of radiating signals. In

particular, in lower angles (relative to the axis of the LWA), the

radiating waves contain higher frequency components and are

fast decaying in the time-domain. In contrast, waves emitting at

larger angles are wider in the time-domain and have relatively

smaller frequency components. A broadband receiver in the far

field of the LWA captures only a portion of the THz Rainbow. Thus,

OPERA takes hints from the received signal to estimate the angles

of departure and arrival corresponding to the LOS and all reflected

paths between a TX and RX.

As a result of diffraction from the finite LWA aperture, emission

of waves from LWA to free-space spans in 3D (see Fig. 1 for the

emission of a single-frequency signal). Although not shown in Fig. 3,

the THz Rainbow has a 3D transmission pattern. Hence, in principle,

we can extend the spatial-spectral signatures and mathematical

formulation to extract both azimuth and elevation angles from

the received signal. We leave exploration of single-shot 3D path

discovery with THz Rainbow for future endeavors and focus on 2D

path discovery in this paper.

3.3 The Angular-Dependent Spectral Signature
of the THz Rainbow

In order to relate the received signal to the properties of the

underlying physical paths (e.g., AoA and AoD), we need to

characterize the mediums in which waves propagate to reach the

RX. Fig. 4 depicts different components of an end-to-end channel

between the source and RX: An input signal is guided inside the

LWA until it radiates out of the slot. We assume propagation inside

the LWA is ideal. While the waveguide introduces some dispersion

(since this is a transverse electric waveguide mode) and loss (since

the plates are made of real metals with non-infinite conductivity),

2In our platform, the 3 dB bandwidth of the broadband source is 1 THz.

Figure 4: The end-to-end channel between a broadband

source and a broadband RX.

both of these effects are quite small [18]. However, radiation from

the LWA to the air imposes spatially-biased attenuation. The signal

subsequently traverses the available paths of the wireless medium.

Finally, impinging wave are coupled into the LWA and guided

toward the RX.

For radiation out of the waveguide into free-space, we know the

relation between spectral peak and emission angle from Eq. (1).

However, our measurements show that any specific frequency

component is not a spatial delta function. Instead, the power

spectrum of signals leaking from the waveguide can appear at a

range of angles, albeit encountering different coupling losses. More

importantly, our measurements indicate that the angular width of

the signal at any particular frequency is frequency dependent.

To understand this broader angular width, we analyze the

underlying physical properties of leaky waves. We treat the

leaky waveguide slot as a finite-length aperture, which produces

a diffraction pattern in the far field. In this case, the angular

distribution of the diffracted field (in the plane of the slot) can be

derived for a given frequency f by treating the slot as a diffracting

aperture of length L, such that the far-field pattern is the Fourier

transform of the aperture function [9]:

G(ϕ, f ) = sinc[(β − jα − k0cosϕ)
L

2
] (2)

where k0 is the free-space wave vector (k0 =
2π f
c ), β is the wave

vector of the TE1 guided wave (β = k0
√
1 − ( c

2bf
)2), and α is a

parameter that describes the loss of energy in the guided mode due

to leakage out of the slot. Note that for α � β , the peak value of

G(ϕ, f ) happens at cosϕ =
β
k0

which is the same as Eq. (1) except for

a change in the angle definition. Note that Eq. (2) suggests that the

diffraction pattern is not a function of transmitter-receiver distance.

While the rigorous diffraction formulation in Eq. (2) accurately

describes the far-field radiation pattern, it is cumbersome to

use as a fitting function, in particular because the side lobes

associated with a sinc function fall below the dynamic range of our

measurement system, and are therefore not observed in our data.

Further, for the purpose of path discovery, the high-amplitude

portion of the signature plays the key role. Hence, as an alternative,

we introduce a second-order phenomenological model which is

meant to characterize the high-amplitude spectral characteristics

incorporating the observations from our measurements. For a

given frequency f , we model LWA emission as a spatial filter

or a directional radiation pattern with highest directivity along
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the previously predicted peak angle, and fall off on both sides.

We model this behavior as a filter that is a symmetric parabolic

function of angle ϕ:

G̃(ϕ, f ) =max(1 − γ (f )(ϕ − ϕf )
2, 0), (3)

where ϕf is the maximum-energy angle corresponding to

frequency f as defined in Eq. (1). The filter function G̃(ϕ, f ) models

the fraction of amplitude at frequency f that is emitted at angle

ϕ w.r.t. the LWA’s metal plate. At the center of the filter, i.e., at

the optimum angle ϕf , the power is maximum and G̃(ϕf , f ) = 1.

As we deviate from the optimum angle, power is attenuated with

a frequency-dependent rate denoted as γ (f ). Specifically, our
data indicates that the fall-off rate γ (f ) can be represented as a

linear function of frequency such that the angular width becomes

narrower as frequency increases. With a linear γ (f ) function,
namely, γ (f ) = γ0 + γ1 f , we have only two parameters to fit a

family of quadratics. There is no closed-form expression available

for γ (f ); yet, for a fixed node architecture (i.e., a given LWA

geometry), it is a deterministic function of frequency which can be

measured and known a priori.3

For angles ϕ far from ϕf , 1 − γ (f )(ϕ − ϕf )
2 becomes negative.

For these values of ϕ, we assume that there is zero power detected

(i.e., the signal simply misses the detector), and so we set G = 0. In

Sec. 5, we validate this LWA-to-air emission model. Now that we

have modeled the transmission pattern of a THz Rainbow, we can

proceed to path discovery by exploiting the known and fixed THz

Rainbow pattern as angular-spectral signatures.

3.4 One Shot Path Discovery

We envision periodic THz Rainbow excitation so that receivers are

able to update their angular profile by assessing the received power

spectrum. Next, we illustrate OPERA’s AoD and AoA estimation

techniques.

3.4.1 AoD Estimation. The THz Rainbow is composed of signals in

all directions within a sector of 90◦. However, only signals along the

dominant paths of the over-the-air wireless channel can reach the

receiver. Each path contributes to the power spectrum depending

on its angular-dependent spectral signature. Hence, we can model

the total power spectrum based on the aggregated effect of signals

from all paths reshaped by the LWA spatial filter gain:

S(f ) = |

P∑
p=1

G̃(ϕD,p , f )αp (f )|
2 (4)

where P is the number of multipath components, ϕD,p denotes the

AoD corresponding to path p, and αp (f ) represents the complex

wireless channel gain over path p.
While Eq. (4) models the expected power spectrum based on path

directions, we can also measure the actual received power spectrum

at our broadband detector. In practice, power measurements are

available over a discrete set of frequencies depending on the clock

sampling rate. We denote Sms as the vector of power measurements

across the available set of frequencies. Similarly, S captures the

expected power spectrum based on Eq. (4) computed for the same

3For our particular LWA structure, we find γ (f ) = 0.032f + 0.01, when frequency is
in THz unit and angle is in degrees.

set of frequencies. Note that S, by definition, is a sparse tall vector

as G̃(ϕD,p , fi ) is zero for frequencies far from the peak frequency

corresponding to ϕD,p . Hence, we estimate the AoD that best

describes the power measurements across the entire spectrum:

ϕ∗D,1 = argmin
ϕ

| |S − Sms | |2 (5)

where ϕ∗
D,1 is the estimate angle of the strongest path. OPERA

assumes that other paths, if present, are significantly weaker such

that the received signal signature is dominated by the spectral

signature of the strongest path. Once the strongest path is identified,

we remove its spectral signature from themeasured power spectrum

Sms and repeat the optimization in Eq. (5) to discover the second

path. OPERA stops this iterative process when the power to noise

ratio of the residual signal drops below a configurable threshold. We

emphasize that no phase information is used in this methodology,

hence the detector can be non-coherent.

3.4.2 Opportunistic AoA Estimation. In principle, assuming that

the THz wireless channel is reciprocal, AoA can be estimated

similarly by generating a THz Rainbow at the client and assessing

the received spectrum at the AP. Potentially, we can take advantage

of the receiver’s node architecture to opportunistically estimate

AoA, at least for a range of angles, without initiating a separate

THz Rainbow. Namely, comparing the spectral characteristic

of impinging waves at the LWA before and after coupling into

the waveguide provides insights on the AoA. Intuitively, if the

client’s LWA is parallel to the AP’s LWA (i.e., AoD=AoA), then the

air-to-waveguide coupling loss is negligible and we expect a similar

spectral characteristics for coupled and impinging waves. However,

when the AoA is different from AoD, then the coupled waves would

experience a frequency-dependent power loss that can be exploited

to extract the AoA. Of course if the AoA is far from AoD, one

would expect that the client would receive no signal. However, our

preliminary analysis shows that the spectrally broader emission at

a specific angle enables a fairly large |AoA-AoD| without complete

loss of signal. In any case, the client can always generate a THz

Rainbow and repeat the mechanism described above to explicitly

estimate the AoA of the dominant paths. In our experiments, we

focus on evaluation of AoD/AoA with the explicit THz Rainbow

generation and we leave the exploration of opportunistic AoA

estimation and its limitations for future work.

3.4.3 Overhead Analysis. The AP periodically generates the THz

Rainbow while all clients measure the received signal with their

broadband detectors to update their path profiles. We denote Trb
as the cycle duration of THz Rainbow transmissions. A smaller

Trb indicates that path information updates are available more

frequently with the cost of higher time overhead. However, we

argue that even if we update path information before every data

packet transmission, the interference and overhead costs are

insignificant:

First, THz Rainbow transmission incurs negligible overhead, in

the range of few tens of nano second depending on the THz pulse

generation method [4] whereas mobility is in millisecond scale.

This means that to manage regular client mobility (e.g., walking or

running speed), path information needs to be updated, at most, in

sub-millisecond scale while OPERA is orders of magnitude faster,

5



Figure 5: Our custom 4 × 4 cm2 LWA.
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Figure 6: The ultra-broadband transceiver system and its

generated THz pulse in time and frequency domains.

causing the ratio of control plane overhead to data transmission

to be negligible. Moreover, OPERA has a scalable design such that

all clients can simultaneously and independently update their AoD

information via a single sender-side THz Rainbow transmission.

Second, it may seem that OPERA is a resource-intensive solution

since it fills the entire space with THz signals composed of a

broad range of frequencies that may cause interference with any

on-going transmissions in neighboring cells. However, the THz

Rainbow transmission only takes several nano seconds and not

every frequency component exists in every direction. In fact,

interference can take place only if a node in a neighboring cell

is located at a specific angle and operates in a frequency band

that matches the LWA angle-frequency relation. In other words,

the footprints of the THz Rainbow are narrow in space and short

in time. Further, as this transmission is broadband, the power of

different sub-bands is limited and thus the signal is unlikely to be

received at longer distances of neighboring cells. However, in an

extreme case, the APs could coordinate to minimize the inter-cell

interference.

4 EXPERIMENTAL PLATFORM

We conduct extensive over-the-air experiments to characterize the

THz Rainbow and evaluate the performance of OPERA.We exploit a

custom LWA device, shown in Fig. 5, which we build using 4×4 cm2

metal plates and 1.075 mm spacers in between (i.e., plate separation

b = 1.075 mm). Other geometrical parameters include the plate

thickness (1 mm), the slot length (3 cm), and the slot width (1 mm).

For THz pulse generation and detection, we use T-Ray 4000

TD-THz System from PICOMETRIX [5]. The interchangeable

fiber-coupled sensor heads deliver a picosecond duration

time-domain THz pulse. Fig. 6 depicts our ultra-broadband

transceiver system and its generated THz pulse in time and

frequency domains.

Fig. 7 shows our measurement setup. We first generate a THz

pulse and focus it to the LWA via a lens with a focal distance of 6 cm.

Figure 7: Our experimental setup.

The signal leaking out of the waveguide generates a THz Rainbow.

We exploit aluminum sheet as reflector to configure NLOS paths. To

achieve different NLOS angles, we mount and move the reflector on

a rail as shown in Fig. 7. Similarly, to vary the LOS angle, we mount

the broadband detector on a rotating arm that rotates around the

center of LWA. The broadband detector provides rawmeasurements

of the composite received signals in time and frequency domains.

In our experiments, we limit the setup to one-path (LOS or NLOS)

and two-path settings and leave exploration of more complex THz

channels for future work.

Due to hardware limitations, i.e., low-power THz source,

we are bound to conduct experiments in small scales (up to a

meter). Scaling up the transmitter-receiver distance is feasible

by increasing the power emitted by the transmitter. In particular,

our THz source emits an average power of roughly −10 dBm,

which is the time-averaged power, integrating over the entire

(1 THz) spectral band. Hence, the power in a 1 kHz bandwidth

is −100 dBm. Meanwhile, prior work reported a CMOS-based

widely tunable source which achieves about −10 dBm in a 1 kHz

bandwidth, over the entire range 100-300 GHz offering a factor

of 109 increase in output power compared to our THz source [4].

Further, links at WLAN-scale distances (100+ meters) have already

been demonstrated at many frequencies between 100 GHz and

557 GHz [37] and in several bands at higher frequencies up to 850

GHz [38]. Note that increasing the transmit power does not affect

the spatial-spectral signature of THz Rainbow nor the design of

OPERA.

5 EVALUATION

In this section, we discuss our over-the-air experiments and evaluate

the key components of OPERA.

5.1 Experimental Characterization of the THz
Rainbow

We first experimentally characterize a THz Rainbow and validate

the phenomenological model proposed in Sec. 3.

Setup. We deploy T-Ray 4000 THz system for THz pulse

generation and broadband detection and integrate it with our

LWA device. Fig. 8 depicts our experimental setup in which

blue circles represent broadband detector locations. We conduct

extensive experiments in multiple configurations covering different

LWA-detector distances and relative angles. In each setting, we

move the detector on a quadrant from 10◦ to 80◦ with the setup

6



Figure 8: The schematic setup for THz Rainbow

characterization.

of 1◦. We explore this angular range since we observe that below

10◦ and above 80◦, the leaked waves are fundamentally very weak

(close to noise floor), due to a decrease in the efficiency of coupling

from the guided wave to free space near the extrema of the angular

range.

Methodology. In each setting, we identify the time window

that the signal falls into through energy detection at our broadband

detector. Then we lock the receiver to that time window and collect

raw time-domain and frequency-domain data and apply signal

processing techniques (such as smoothing, filtering, FFT, etc.).

5.1.1 Measuring The Angle-Frequency Relation. We first

experimentally explore the angle-frequency coupling and compare

it against the first principles model in Eq. (1). Fig. 9 plots the peak

frequency of power spectrum vs. receiver’s angle. The results show

good agreement between the theory and experiment, at least for

the angles above 20◦. However, below 20◦, the measurement results

deviate from theoretical behavior. The reason is that, for those

lower angles, the corresponding peak frequencies are above 400

GHz and higher frequency components are fundamentally weaker,

even in the spectrum of THz illumination source (see the spectrum

of THz pulse in Fig. 6). Hence, when exposed to path loss and

coupling loss, the signal level degrades to the noise level increasing

the measurement error. Also the model in Eq. (1) does not account

for the realistic plate geometry. Namely, the non-idealities in the

waveguide geometry such as the finite non-zero plate thickness

contribute to a more complex spectrum, and these effects are likely

to become more pronounced at small angles, where the effective

propagation length inside the leaky-wave slot is larger.

Our results above show that the peak frequency (or the frequency

that is maximally coupled) at a given angle matches the first

principles model in Eq. (1). However, this model does not provide

any information on other frequency components of the power

spectrum. The overall spectral properties of waves composing a

THz Rainbow is unexplored and no analytic solution exists even

under idealistic geometry (i.e., zero plate thickness). In order

to develop a phenomenological model, we directly measure the

angular-dependent spectrum of a THz Rainbow, deploying the

setup in Fig. 8.

Fig. 10 presents the heatmap of signal amplitude over different

frequencies as a function of the LWA-receiver angle. For each

frequency f , we normalize the corresponding amplitude over the

entire angular range to the maximum value (i.e., normalizing every

row of the heatmap matrix to the maximum value in that row). This
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Figure 9: The LWA angle-frequency coupling, theory vs.

experiment.
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Figure 10: Spectrum-Angle heatmap of THz Rainbow.

heatmap includes the frequency range of 0.15 to 0.68 THz with the

resolution of 3.1 GHz.

We observe that the high power region (with value one) follows

Eq. (1). Interestingly, the heatmap shows high power associated

with frequencies that are far from the frequency characterized by

first principles model. In particular, at lower angles, the spectrum

contains a wide range of high-power frequencies whereas at larger

angles mostly frequencies close to 0.15 THz hold relatively high

power (i.e., the yellow bright region is much wider for lower angles).

Further, Fig. 10 reveals similar second-order and third-order higher

frequency echos that are caused by higher order transverse electric

(TE) modes in the waveguide.

Finding: We experimentally demonstrated THz Rainbow and

showed that the peak frequency is inversely related to the angle of

emission via a non-linear function. However, the overall spectral

profile is irregular such that lower frequency components tend to

spread over a wider range of angles.

5.1.2 Validation of our Phenomenological Model. In sec. 3, we

modeled the THz Rainbow behavior as frequency-dependent spatial

mask such that for a given frequency, the angular response is

analogous to a spatial filter with a fall-off rate that itself depends on

the frequency. To validate this model, we deploy the same setup as

in Fig. 8 but this time we explore the change in the signal amplitude

carried by frequency f as we deviate from the optimum angle.

Even though our data set covers a wide range of frequencies, for
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Figure 11: Validating the phenomenological model of

spectral-spatial behavior in THz Rainbow.

the sake of space, we include results for few frequencies, namely,

f = 200, 250, 300, and 350 GHz.

Fig. 11 depicts normalized measured amplitude together with

the physical model G(ϕ, f ) in Eq. (2) and our phenomenological

model G̃(ϕ, f ) in Eq. (3). The normalization is computed such that

the best angle (for each frequency) has a peak value of one. We

observe good agreement between the experimental data and the

developed phenomenological model, at least for an angular range of

interest (angles whose corresponding measured power is within the

3 dB of maximum power). For larger angular offsets, irregularities

can be seen in the measured power that is not captured by our

phenomenological model. The rationale is that the signal strength

is substantially weaker with larger angular offset; thus, even if

a more complex model is developed, it would not significantly

improve the performance of OPERA.

Further, Fig. 11 confirms our approximation in Eq. (3) that the

fall off rate (due to deviating from center angle on either side)

is symmetric for the angular range of interest. Nonetheless, out

of this range, we observe asymmetric behavior in a way that the

fall off rate of the right tail is faster than the left tail. Finally, our

experiments confirm that the fall-off rates are frequency-dependent

such that the smaller the frequency, we observe less power drop

given a fixed angular offset. We account for this dependency by

including the frequency-dependent scalar γ (f ) in our expression

in G̃(ϕ, f ). Given a LWA device, γ (f ) is fixed and can be measured

in advance.

Finding: We proposed and validated a model that characterizes the

angular-dependent power spectral density of THz Rainbow. While the

model does not capture the low-power irregularities at angles far from

the optimum center angle, it accurately describes the power drop for

a certain angular range of interest. OPERA takes advantage of such

spatial-spectral signatures for path discovery.

5.2 OPERA Single-Path Discovery

We first evaluate the performance of OPERA in single-path settings

(e.g., LOS or one reflected path only). For comparison purposes, we

introduce a baseline scheme.

5.2.1 Baseline: Peak-Frequency Inversion. We introduce a baseline

path discovery approach which we call Peak-Frequency Inversion.

This scheme takes the spectral peak as signatures to find angle paths.

The rationale is that the spectral peak has a one-to-one relation
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Figure 12: The baseline scheme that directly maps peaks in

power spectrum to corresponding angles.

with the receiver’s angle relative to the LWA. Besides, we expect

paths to contribute to the overall spectrum based on their AoD,

disregard of whether it is a LOS or a reflected path. In other words,

we hypothesize that reflecting off a surface does not impact the

spectral signature (in particular, the peak frequency) of the incident

signal.

Fig. 12 describes the Peak-Frequency Inversion scheme

consisting of a peak detection component and a frequency to

angle mapping module. This scheme picks p frequencies, each

corresponding to a path, from the received power spectrum and

maps them to the corresponding angles. Our result in Sec. 5.1

revealed that the first principle model in Eq. (1) deviates from

measurements for emission angles below 20 degrees. Hence,

to eliminate this source of error, we exploit the measured

angle-frequency curve in Peak-Frequency Inversion, as shown in

Fig. 12.

The baseline scheme does not require any prior information

other than the measured angle-frequency curve. Of course, one

could even relax this constraint by substituting this measured curve

with the Eq. (1), with the risk of higher estimation error for some

path angles. Instead, OPERA assumes the spectral characteristics

at different angles are known and exploits such signatures to find

the path angles that best fits the entire power spectrum through a

maximum likelihood optimization.

5.2.2 LOS vs. NLOS Detection. In this experiment, we compare the

effectiveness of OPERA and Peak-Frequency Inversion in detection

of a LOS path vs. a single reflected path. We consider various LOS

settings with angles in the range of 15◦ − 75◦ and configure the

setup carefully to ensure that no reflection exists. Each time, we

excite the transmit LWA with a THz pulse and collect the signal

received at the broadband detector. We repeat a similar experiment

but this time we block the LOS path and carefully set up a metal

reflector to add a reflected path. To compute the estimation error,

we compare the predicted path direction with the geometric angle

between the LWA and the center of the reflector.

Fig. 13 depicts the histograms of estimation error over different

ground truth angular intervals for both LOS-only and NLOS-only

experiments. In the LOS settings, i.e., Fig. 13a, we observe that the

estimation error of Peak-Frequency Inversion is non-uniform across

different angles and increases significantly for LOS angles above

55◦. The reason is rooted in the non-linearity of frequency-angle

relation in the LWAs. As shown in Fig. 9, the peak frequency is

roughly a flat (or slowing varying) function of the emission angle

for angles above 55 degrees; thus, a small measurement error in
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Figure 13: The histogram of estimation error in single-path

settings.

the spectral domain may cause significant error in angle estimates.

Moreover, the spectral resolution of any broadband receiver is finite

and bound to its clock sampling rate. The frequency resolution in

our setup is 3.1 GHz; thus, peak frequency may be mistakenly

shifted by up to 3.1 GHz and yield to an estimation error of several

degrees in this slow-varying regime. In contrast, OPERA takes

into account the spectral-angular profile of THz Rainbow and

the relative power across different frequencies for path detection.

Thus, it is able to distinguish between path angles with similar

corresponding spectral peaks and consistently achieves less than

2◦ error on average across the angular space.

Fig. 13b reveals two key differences in NLOS detection: First,

for both OPERA and baseline, the average estimation error is

slightly higher in all angular intervals. Second, the Peak-Frequency

Inversion approach obtains larger error at the two ends of the

angular range, i.e., [15-25] and [65-75]. The reason is two-fold:

given the same AoD, a reflected path endures higher loss due to

the reflection loss and the increased path length. Hence, the NLOS

path is weaker and prone to higher estimation error. Moreover,

reflection imposes non-equal attenuation over different frequencies

leading to spectral peak shift or generally adds noise to the

spectral signature of the path. Higher frequency components are

more exposed to these errors comparing to the lower frequencies

because they endure higher reflection loss and path loss. Hence,

from Fig. 13b, we observe that the baseline scheme obtains high

errors for lower angles in the range of 15 − 25 that contain higher

frequency components. OPERA is not immune to the non-perfect

reflection loss either; however, by considering the relative power

over the entire power spectrum, it can better diminish the impact

of such errors.

Finding: Even though the baseline scheme takes advantage of the

one-to-one relation between spectral peak and emission angle, we
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Figure 14: The estimation accuracy of OPERA in single-path

settings.

find that it encounters critical limitations in practice. First, for a

range of angles, the peak frequency is a slow-varying function of

the emission angle makes it susceptible to measurement error and

the limited frequency resolution at the receiver. Second, reflection

non-uniformly impacts power over different frequencies which can

lead to a spectral peak shift and subsequent estimation inaccuracy.

5.2.3 Single-Path Estimation Accuracy. Next, we explore the

overall performance of OPERA vs. Peak-Frequency Inversion in

single-path extraction (LOS-only and NLOS-only combined). We

choose 225 different configurations in which the ground truth AoD

varies between 10 to 80 degrees. Fig. 14 presents the empirical

distribution function of the estimation error, which is the number

of observations less than or equal to a specific error divided by the

total 225 independent measurement readings.

The result reveals that OPERA successfully estimates the AoD

within 2.2 degrees of the ground truth in 90% of cases. In addition,

a simple frequency to angle mapping as in baseline achieves less

than 3.8 degrees error in 80% of cases. Nonetheless, its curve slowly

approaches one; in particular, in 18% of single-path settings the

estimation error was more than 6 degrees and in 10% of instances

the error was higher than 8 degrees. From the above analysis, we

know that these high-error cases correspond to larger LOS/NLOS

angles.

Finding: In single-path channels, Peak-Frequency Inversion

achieves on average a comparable performance with OPERA. Yet, its

accuracy is not robust across the entire angular domain.

5.3 OPERA Multipath Extraction

In multi-path channels, the receiver captures a superposition

of signals traveling along different paths. In OPERA, by design,

the spectral properties of such signals are unique when emitted

from the LWA. However, the key question is whether or not

such spatial-spectral signatures are reliably extractable from the

superposed signal in multipath settings.

Setup. We consider two-path configurations, with one LOS and

one reflected path. The schematic of our multipath experimental

setup is shown in Fig. 15. We set an aluminum sheet as reflector and

slide it on a rail to vary the NLOS path angle. This rail is attached to

another fixed rail at cross point C such that the distance from LWA

to C is equal to RX to point C distance. Furthermore, the reflector is

oriented in parallel to the rail that connects LWA to the RX. These

considerations ensure that the portion of the emitted THz Rainbow
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Figure 15: The schematic of our multipath experimental

setup.
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Figure 16: The estimation error of the reflected path as a

function of inter-path angular separation.

that reflects off the reflector can be collected by the broadband RX.

Moving the reflector from point C to the left increases the NLOS

angle (ϕnlos > ϕlos ) and vice versa.

5.3.1 Minimum Inter-Path Angular Separation. OPERA identifies

different paths via their angular-dependent frequency signature.

Thus, when two paths have close AoD, their spectral profile

might be indistinguishable. Hence, one key evaluation factor is

the minimum required angular separation between paths so that

we can successfully extract their signatures from the superposed

received signal.

To answer this question, we consider a fixed LOS configuration

with path angle ϕlos and move the reflector along the rail in the

steps of 5 cm to vary the angular separation between the LOS and

reflected path (i.e., |ϕlos − ϕnlos |). We repeat this experiment for

a discrete choice of LOS angles (i.e., ϕlos=15 to 75 in steps of 5

degrees). At each multipath setting, we collect raw data from the

broadband receiver and implement OPERA path discovery.

We find that LOS detection is robust to inter-path angular

separation. The reason is that the LOS path is stronger and its

spectral signature dominates the characteristics of the received

signal. However, Fig. 16 reveals this does not hold true for the

reflected path. This figure shows the estimation error associated

with detection of the NLOS path vs. the inter-path angular

separation. We observe that when paths are not sufficiently

separated (e.g., |ϕlos − ϕnlos | < 3◦), the estimation error is

significantly high. Since paths have similar spectral signatures

in such cases, removing the contribution of first path from the

superposed signal disrupts the detection of the second path.

Finding: When multiple paths are sufficiently angularly separated,

i.e., |ϕlos − ϕnlos | > 3◦, OPERA can successfully extract their

spatial-spectral signatures.
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Figure 17: The box plot of estimation error formore than 300

independent multipath configurations.

5.3.2 Overall Multi-Path Estimation Accuracy. Finally, we analyze

the overall performance of OPERA compared to the Peak-Frequency

Inversion approach in multipath discovery. Hence, we place the

receiver in different LOS angles relative to the transmit LWA (from

15 to 75 in the steps of 5 degrees) and configure the reflector in

multiple locations along the rail (in the steps of 5 cm) to create a

range of NLOS angles. Fig. 17 shows the box plot of the estimation

error for more than 300 independent multipath measurements.

The Peak-Frequency Inversion scheme offers a relatively

comparable performance on average in the discovery of the LOS

path; nonetheless, its accuracy is non-uniform across the entire

angular domain leading to higher variance. More importantly,

Peak-Frequency Inversion demonstrates unreliable performance

in the extraction of the second path. The reason is rooted in the

irregularities in the spatial-spectral signatures of THz Rainbow.

In other words, if such signatures were indeed a sharp delta

function (i.e., each frequency was emitted from one and only one

direction), then Peak-Frequency Inversion performance would

have been enhanced as the spectrum of different paths would have

been completely isolated and non-interfering. Instead, each path

contributes to the overall spectrum with its wide and irregular

spectral signature. Further, such contributions are not equally

strong. In particular, the spectral peak of a secondary path might

get dissolved in the irregularities of a stronger LOS spectral

signature. In contrast, OPERA exploits the fact that THz Rainbow

spectral profile is fixed and can be known a priori; therefore,

the receiver correlates its signal with the known but irregular

transmission signatures; thus, it is able to detects the second path

direction with only 1.9◦ error on average.

Finding: Irregularities in the THz Rainbow profile together with

the non-equal path strengths cause inaccurate path estimation by

Peak-Frequency Inversion in multi-path settings. Instead, OPERA

exploits the known but irregular spectral signatures to successfully

extract multiple paths.

5.4 OPERA for Beam Adaptation

Here, we evaluate the effectiveness of OPERA for beam adaptation.

In particular, we explore two main factors: (i) The SNR penalty

associated with non-ideal path estimates. This enables us to

understand the performance penalty (ultimately in data rate) due

to imperfect beam alignment. (ii) The rate at which path updates

are provided, as stale path data can also degrade performance for

mobile clients.
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Figure 18: (a) Example directional radiation patterns

generated by LWA; (b) Our mobility setup.
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Figure 19: The SNR performance of beam adaptation when

path directions are provided by OPERA.

5.4.1 SNR Performance. As discussed above, OPERA provide path

directions within 2◦ of the ground truth. This non-zero error results

in sub-optimal beam steering and an SNR penalty, consequently. We

compare the SNR of OPERA beam adaptation with the maximum

achievable SNR via an Oracle approach that has perfect knowledge

of paths. Note that here, we assume the path tracking rate (the

rate at which path information is updated) is exactly the same for

Oracle and OPERA; hence, any difference in SNR is solely due to

path estimation errors. Moreover, we expect the SNR difference to

depend on the radiation patterns of directional beams in use, e.g.,

narrow beams are more sensitive to path estimation errors. Here,

to have a fair comparison, we obtain a set of fixed beam patterns

for both Oracle and OPERA schemes. In particular, we generate

directional beams with a LWA by tuning the carrier frequency of

the input signal. Example radiation patterns are shown in Fig. 18a.

Setup.We deploy the experimental setup in Fig. 18b, such that

the transmitter is fixed and is equipped with a LWA. The broadband

receiver is moving on a line from A to B. To emulate continuous

motion, we collect raw data at the RX with high granularity of

every 0.5 cm movement. Further, we repeat the same experiment in

multiple parallel motion lanes with different distance to the TX. To

isolate sender-side beam steering, we manually align the broadband

RX as it moves along the translational line.
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Figure 20: The impact of OPERA’s path tracking rate on the

accuracy of beam adaptation.

Fig. 19 plots the empirical distribution function of SNR loss in

OPERA compared to the maximum achievable SNR via the Oracle

Scheme. We observe the SNR loss of less than 2 dB in 90% of

measurement instances. The non-zero error in AoD estimates yields

to generation of a radiation pattern whose main-lobe is slightly

misaligned from the ground truth angle and imposes an average

SNR penalty of 0.3 dB

Finding: The non-zero error in path angle estimates provided by

OPERA causes slightly misaligned beam steering, imposing an SNR

penalty of 0.3 dB on average, comparing to the maximum achievable

SNR via an Oracle scheme.

5.4.2 Path Tracking Rate. A key factor affecting beam adaptation

performance is the rate at which path angle estimates are available.

In Sec. 3, we demonstrated that OPERA includes the periodic

transmissions of THz Rainbow in time intervals of Trb . Such
broadband transmissions occupy the entire spectral band yet only

for a nano-second scale period of time. Data transmissions in

all bands need be stopped or will otherwise interfere with path

discovery and vice versa. Moreover, the translational speed of

the client also affects steering accuracy; the faster the speed, the

harder the tracking since the client’s angular position may change

more for the same estimation interval Trb . Instead of evaluating

these two factors separately, we consider the amount of change

in client position relative to the transmitter during one cycle of

OPERA, i.e., Trb .
Fig. 20 presents SNR loss for different client movements in Trb .

The AoD of the LOS path varies as the client moves along the

translational line. We use ΔAoD (between two consecutive THz

Rainbows) as a metric for how fast the client moves since changes

in the AoD indicate whether the transmit beam needs to be adapted

or not. A larger number on the x-axis means that eitherTrb is larger

(for the same client speed) or the client is moving faster (for the

same Trb ).
We observe that when path tracking is repeated most frequently

(every 1◦ of client angular movement), the SNR loss (compared to

the maximum achieved SNR via the Oracle scheme) is the lowest.

Since the path angle estimates are being updated faster, we can

adapt beams before client moves out of the AP’s steering direction

and experiences a significant SNR loss. We observe that in such

a case, the average SNR loss is only 0.29 dB. Furthermore, as the

estimation interval increases, the average SNR loss also becomes

large, since there is a great change in AoD between two path

discovery measurements.
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As discussed in Section 3.4.3, THz Rainbow transmission incurs

nanosecond-scale overhead whereas mobility is in millisecond time

scales. For instance, consider a mobile client who is moving with

speed of 10 m/s on a translation line with initial distance of 10 m

from the transmit LWA. Then, the most frequent path tracking (i.e.,

every 1◦ of client movement) requires Trb to be 17 msec meaning

path directions need to be updated in millisecond-scale.

Finding: When the THz Rainbow is generated more frequently, the

average SNR loss at a mobile client is smaller as beams can be better

adapted based on the latest path directions. Yet, even under intensive

path tracking (e.g., for every 1◦ change of client movement), the time

overhead of updating paths is orders of magnitude smaller than the

mobility scale.

6 RELATEDWORK

Leaky Wave Antennas. LWAs have a long history, having been

used in the RF region since at least the 1940’s [2]. Most early

examples were rectangular waveguides; however, in the THz range,

the parallel-plate waveguide has been shown to be a very useful

low-loss and low-dispersion platform for many purposes [15, 19].

While LWAs facilitate beam steering toward a specific direction,

discovering the right beam direction at the TX and RX remains a

challenge in the literature. This work is the first-ever use of LWA

devices as control plane to adapt THz WLANs and the first to use

the LWA to transmit in all directions simultaneously.

Path Discovery. Prior work focuses on AOA estimation

by exploiting large antenna arrays and taking advantage of

advanced signal processing techniques [35, 36]. In particular, such

approaches employ the phase difference at multiple antennas to

infer the direction of wave incident. However, this method is not

applicable in THz bands as even the state of the art THz node

architecture cannot provide the amplitude and phase information

corresponding to each antenna element in an antenna array.

More recent work proposed an alternative approach to direction

finding using a time-modulated array. In this technique, by periodic

on-off switching of the array elements, harmonic components

are generated and analyzed to estimate the arrival direction.

Compared with the aforementioned array-based AOA estimation

techniques, the time-modulated array offers high precision, while

its hardware complexity and calculation complexity are relatively

low [27, 33]. However, the application of time-modulated arrays

in high-frequency regimes is limited by the speed of RF switches.

Further, this approach requires periodic transmission of the

signal under different switching states and thus it is clearly not a

single-shot nor a single-antenna approach.

Another body of work uses visible light sensing to estimate the

AoA of the LOS path between the light source and a photodiode

array at the client [10, 16]; however, such approaches are limited

to the LOS path only. Authors in [26] study non-coherent path

tracking in mmWave but their approach requires multiple beacon

transmissions. Path angle estimation for THz communication has

been studied recently in [25], in which the authors utilize a low

frequency RF frontend to roughly estimate the AOA in a first step

and refine it in THz regime in a second step. In contrast, our work

proposes a single-shot and single antenna path discovery scheme

that can identify all dominant paths between the AP and all clients.

Finally, a recent work in 60 GHz networks exploits the

irregularity and side-lobes in 60 GHz beam patterns together with

power delay profile measurements for path identification [8]. In

contrast to practical antenna arrays in 60 GHz with wide and

irregular beam patterns, THz beams are regularly shaped and quite

narrow [6].

Directional Neighbor Discovery. Several papers addressed

the problem of neighbor discovery for wireless networks that

use directional antennas [21, 22, 40]. Their main objective is to

discover the neighbors, i.e., nodes that are within communication

range, around any particular node and store the neighborhood

information. In particular, the challenge is to quickly steer the

listening beam direction so that it can decode any of the multiple

beacons transmitted directionally in a multi-shot discovery

procedure. Instead, OPERA attempts to characterize all dominant

paths between two nodes via one-shot transmission. Nonetheless,

OPERA can be employed for directional neighbor discovery as

well. To this end, the node aiming to identify its neighbors has

to transmit a THz Rainbow. When OPERA identifies a path at a

particular receiving node, one can conclude that those nodes are

neighbors.

mmWave Beam Adaptation. There is extensive work to

reduce overhead of beam acquisition and adaptation in mmWave

networks. Beam acquisition solutions include IEEE 802.11ad/ay’s

sector sweeping [7, 23], hierarchical codebook designs [1, 12],

compressive sensing techniques to exploit channel sparsity [17, 30]

and model-driven beam steering via channel profiling [34, 41].

For beam adaptation under mobility prior work suggests a

variety of in-band and out-of-band solutions including the use

of legacy bands [24, 32] or visible light [10], and efficient beam

searching [11, 39]. These efforts reduce training overhead and

maintain alignment for mmWave links. However, given that THz

links lack the “pseudo-omni” reception capability available at

mmWave and are inherently more directional, these solutions are

not applicable in THz bands. In contrast, this work provides path

directions and enables efficient beam steering and beam adaptation

in THz Networks.

7 CONCLUSION

In this paper, we present OPERA, a novel single-shot single-antenna

system that enables the discovery of dominant LOS and NLOS

paths in THz channels. OPERA embeds path direction information

into the inherent characteristics of the signal traveling along that

path. In particular, we create a THz Rainbow by exciting a single

leaky wave antenna with a THz pulse and simultaneously transmit

signals whose spectral signatures are a function of emission angle.

We model such angular-dependent signatures in order to enable

the receiver to extract path directions from the received power

spectrum. Our experiments show that OPERA achieves direction

estimates within 2◦ of ground truth on average while incurring

only tens of nano second overhead.
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