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Abstract—This paper studies the propagation of terahertz
signals (100 GHz to 2THz) when using convex lenses. The
terahertz band has a great deal of unexploited spectrum and
therefore is ideally suited to provide ultra-high data rates at short
ranges. The peper presents a channel model for terahertz when
using convex lenses at the transmitter. The model incorporates
channel impairments such as molecular absorption and lens
characteristics such as a Gaussian intensity distribution. The
model is verified against detailed measurements conducted using
a terahertz system. We show that the model is in very close
agreement with the measured data.

Index Terms—Coverage, terahertz, mmwave, 5G, propagation

I. INTRODUCTION

The demand for wireless capacity is expected to continue
growing for the foreseeable future as the number of applica-
tions and devices continues to increase [1]. Indeed, given the
huge expected demand, adaptive small cells with diameters
of ∼10m have been proposed for 5G. These cells can serve
crowded indoor and outdoor spaces at rates in excess of
Gbps/user. Another application for these high-bandwidth cells
is to serve as “information hoses” for users requiring massive
aperiodic data dumps [2]–[5]. A particularly interesting exam-
ple of the latter application is for providing a large volume of
data to autonomous vehicles as they travel along highways.
For instance, a car coming into a large city for the first time
will need a pre-trained neural network. We can imagine all
the weights and biases of such a network being dumped into
the car’s memory as it passes a toll booth at the entrance
to the city. A production neural network can easily consist
of hundreds of millions of floating point variables. Given the
short time a car is in range of a small cell, we need data rates in
excess of several Gbps. These various scenarios are illustrated
in Figure 1. In order to support these types of emerging
applications, the network needs greatly enhanced capacity and
significantly lowered latency (∼ 1 – 5 ms). Since the terahertz
frequency band is barely used and has enormous free spectrum,
this frequency band is being considered as a possible candidate
for such future wireless systems [1], [5]. Our focus in this
paper is to consider ways to support applications like those
illustrated in Figure 1 by exploiting this spectrum.
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(a) Cell on highway

(b) Cell on roadway

(c) Cell in park

Fig. 1. Examples of small cell deployment.

The terahertz frequency band typically refers to the region
from 0.1 THz to 10 THz though here we consider a smaller
bandwidth up to 2 THz. This part of the spectrum is virtually
unused and provides us with an opportunity to deliver data
rates well in excess of terabits/sec for 5G and other wireless
systems. A characteristic of this spectrum is that it is easily
blocked by most common materials and some parts of the
band are absorbed by water and, to a lesser degree, by oxygen
or carbon dioxide. Figure 2 plots the attenuation at 1m and
10m for the spectrum up to 2 THz. As we see in the figure,
some frequencies have very high attenuation which is caused



by molecular absorption1. This high attenuation of terahertz
makes it ideally suited for short-range applications where the
large attenuation enables a high degree of spatial reuse and
minimal co-channel interference. Of course, the drawback
of the high attenuation is the need for highly directional
transmissions as well as protocols that are adapted to the
frequency selective attenuation.

In this paper we propose using directional transmissions
to create small terahertz cells. However, rather than rely on
expensive MIMO arrays, we use passive lens-based systems
for this purpose. Terahertz displays optical properties when
it comes to propagation and can be narrowly focussed via
inexpensive HDPE (High Density Poly Ethylene) lenses. Thus,
a simple method to create the small cells shown in Figure
1 is to equip each access point with a lens of appropriate
focal length. The terahertz signal is well confined to the cone
produced by such lenses. The obvious drawback of this method
is that the beam is fixed resulting in sub-optimal channels for
the nodes. We note that this is not a big problem since the
huge available bandwidth can be exploited to maintain high
data rates despite sub-optimal access point to node channels.

The main results in this paper include a propagation model
for lens based propagation of terahertz and an evaluation of
this model against measurements. The remainder of the paper
is organized as follows. The next section presents the lens-
based model for providing coverage. Section III then presents
comparisons of our model against measured data. Related
work is presented in section IV and we conclude in section
V.
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Fig. 2. Attenuation of terahertz for two distances.

II. MODEL

The key idea we explore in this paper is the use of lenses
to create small cells and provide directional transmissions.

1The path loss due to frequency is
(

c
4πfr

)2
where r is the distance

and path loss due to molecular absorption is e−kabs(f)r where kabs is the
frequency dependent absorption constant. The total path loss is a product of
these values and is frequency dependent.

Fig. 3. Picometrix T-Ray 4000 system.
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Fig. 4. Model of the lens.

The system we utilize for measurements is one such system
where the transmitter and receiver are behind a HDPE lens,
see Figure 3. The lens can be changed giving us the ability to
produce collimated, focussed, or divergent beams. The model
we consider here is using a convex lens of focal length F to
create a cell of radius A as shown in Figure 4. As shown in
the figure, the signal from the transmitter is a collimated beam
which is then focussed at F by the lens. After that, the beam
diverges and covers a circle of radius d.

A. Propagation Model

Typically, in free space wireless communications, Friis’s
equation [6] models the signal propagation accurately. How-
ever, as we noted previously, the terahertz channel suffers from
severe atmospheric attenuation due to molecular absorption
which need to be incorporated into the channel model. In pre-
vious work [7], we developed a channel model that combines
Friis equation and the molecular absorption model described
in [8] to obtain,

H(f) =
λ

4πd
× e−(i2πfτ+sK(f)) (1)

where H(f) is the channel transfer transfer function, s (=√
h2 + d2 in Figure 4) is the distance travelled, τ is the propa-

gation time, and K(f) is the frequency-dependent atmospheric
absorption coefficient [8]. In this paper we are primarily
interested in the received signal strength and therefore, the
above expression can be simplified to,

PRx ∝ PTxλ2e−sK(f) (2)
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Fig. 5. Received power depends on lens position.

where we use proportionality instead of equality because the
expression does not account for the optical effects of the lenses
and for the radius of the receiver lens.

1) Lens Effects: Let us assume that the radius of the
receiver lens is a. As shown in Figure 5 the receiver lens
is offset by a distance of d from the center of the cell. In
order to compute the received power, we need to incorporate
the received power over the entire surface of the lens into
equation 2 above. In an ideal case, if the signal power is

uniformly distributed over the entire cell, the received power
can be rewritten as,

PRx =
a2

d2
PTxλ

2e−sK(f)

Unfortunately, single convex lenses produce an intensity pat-
tern on the image plane that is non-uniform. Indeed, the
intensity pattern is most commonly modeled as Gaussion [9],

e = e0e
−fr2

where e is the electric field intensity, r is the distance from the
axis and f is the frequency. In Figure 5(a), we show two circles
of constant signal intensity (with radii r1 and r2). For these
two example contours, the signal intensity will be e0e

−fr21

and e0e
−fr22 respectively. In order to obtain the total signal

power falling on the receiver lens, we need to integrate the
signal intensity over all the contours that intersect the lens.

2) Complete Propagation Model: Figure 5 illustrates two
cases that are distinguished by how far the receiver lens is
offset relative to the center of the transmitter axis. We use d
to denote this offset distance. When d ≤ a Figure 5(a), some
portion of the receiver lens overlaps the center of the cell
while when d > a Figure 5(b), the receiver lens is entirely
away from the center of the cell.

Our goal is to determine the fraction of the transmit power
that falls on the receiver lens. To do this, let us consider
Figure5(a) first. When 0 ≤ r ≤ a−d the contour with intensity
e0e

−fr2 is contained entirely within the receiver lens. The
total signal intensity along such a contour is, 2πre0e

−fr2 .
If a − d < r ≤ a + d then we get the situation illustrated
by the contour of radius r2 in Figure 5(a). In this case,
the signal intensity contributed by a contour of radius r is
equal to the length of the arc (between points p and q in the
figure) multiplied by e0e

−fr2 . Using geometry, we calculate
the length of such an arc to be,

γ(r, a, d) = 2 cos−1
(
(r2 − a2 + d2)/(2dr)

)
r

Finally, to obtain the signal intensity, we integrate over all
values of r,

Ed<aRx =

∫ a−d

0

2πre0e
−fr2dr +

∫ a+d

a−d
γ(r, a, d)e0e

−fr2dr

(3)
By similar reasoning, if the receiver lens is shifted by d ≥ a
then the expression for signal intensity becomes,

Ed≥aRx =

∫ d+a

d−a
γ(r, a, d)e0e

−fr2dr (4)

Finally, we need to determine the value of e0. Observe from
Figure 4 that the beam spreads over a circle of radius A. Using
simple geometry, we can write, A = ah

F . Since the signal is
spread over this area as a Gaussian, we have,

PTxλ
2e−sK(f) =

∫ A

0

e0e
−fy2dy (5)



Fig. 6. Received spectrum.

From this expression we immediately obtain e0 and by com-
bining this value with equations 3 and 4 we obtain the final
propagation model as,

PRx =

{
Ed<aRx PTxλ

2e−sK(f), d < a

Ed≥aRx PTxλ
2e−sK(f), d ≥ a (6)

III. MEASUREMENT AND EVALUATION OF MODEL

In order to evaluate our coverage model, we utilize extensive
measurements conducted in our lab. The equipment we use is
a Picometrix T-Ray 4000 Time Domain system, Figure 3. The
system produces wideband terahertz pulses by illuminating a
silicon crystal with high frequency laser. The resultant signal
is then focussed through a HDPE lens. Different types and
focal length of lenses can be utilized. For our measurements
we used a convex lens. The receiver is synchronized precisely
with the transmitter and reverses the process to obtain the
pulse. This system has a drawback that the signal strength
produced is very low. Therefore, to combat noise effects, we
average 10,000 pulses to get one measurement. The Fourier
transform of the received pulse is plotted in Figure 6. As we
can see, beyond about 1.342 THz, the signal strength becomes
very small. Indeed, 99% of the signal strength lies in the band
upto 1.342 THz.

For our measurements, we used lenses with focal lengths 1,
3, and 6 inches. The results plotted here correspond to data
collected when using the 3 inch lens. We used a value of
h = 8 cm primarily because the signal strength is so low. To
measure the signal strength across the coverage area, we move
the receiver lens in small increments perpendicular to the main
axis of the transmitter lens. This is called offset in the figures.
At the receiver we used a collimating lens which focuses all
parallel rays to the receiver.

We plot the measured received signal power as a function
of offset from the lens axis in Figures 7 and 8. We studied
the 300 - 370 GHz band in detail since this band covers one
of the spectrum windows that is being considered for future
small cell deployment. This band is one of the few that is
least affected by water in the atmosphere. Figure 7 shows a
very good match of our model to measured data. The model
diverges from the measured values at high offset values for
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Fig. 7. PRx for 300-370 GHz channel.
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Fig. 8. PRx for 70 GHz to 2 THz channel.

two reasons. First, signal power is 5x lower at these high
offsets as compared with no offset. Furthermore, given that
the transmitter has a low power, data at these offsets has a
lot of noise and hence variability. The second reason for the
mis-match is that the model assumes a perfect Gaussian signal
distribution. In reality, this distribution is somewhat different at
the edges of coverage. Hence, we see that the model diverges
somewhat from measured. Figure 8 shows similar behavior. In
this instance, since we are summing over a wide bandwidth,
there is more error since the Gaussian distribution as well as
point of focus vary depending on the frequency. However, the
model does track the measured values very well.

IV. RELATED WORK

For several years, the primary use of terahertz has been
for sensing applications (sensing explosives, drugs, etc.) [10],
[11]. However, given the rapidly growing demand for band-
width, the past five years has seen an exponential growth in



research which has led to many companies begin developing
hardware to operate at these frequencies. Over the past few
years there have been various demonstrations of terahertz
communications using fixed highly directional antennas with
narrow bandwidths and simple modulation schemes such as
OOK, ASK, 8PSK etc. For example, Song et al. [12] used
0.25 THz carrier frequency and transmitted 8 Gbit/s error
free data over 50cm distance with ASK modulation. Hirata et
al. used 0.12 THz carrier frequency and achieved 10 Gbit/s
data transmission rate with ASK modulation and forward
error correction technique over a distance of 5.8 km [13].
Kallfass et al. [14] chose 0.22 THz carrier frequency with
OOK modulation. The authors used electronic techniques with
microwave frequency multipliers and achieved data rates up to
40 Gbit/s over a 50 cm distance. In addition to several other
demonstrations [15]–[20], most notably Koenig et al. [21] for
the first time achieved a data rate as high as 100 Gbit/s over a
20 meter distance between transmitter and receiver. The carrier
frequency was 0.237 THz with a bandwidth of 0.035 THz.

In our own previous work [7], [22]–[25], we did detailed
measurements of terahertz propagation using the T-Ray system
and published the data online at http://terahertz.cs.pdx.edu/.
In our papers, we presented a channel model for line-of-sight
propagation using collimating lenses. In a more recent paper
[26] we presented an initial model for lens-based propagation.
however that model was very crude and showed high error.
The current model is far more accurate, as is evident from our
results in the previous section.

V. CONCLUSIONS

This paper presents a detailed channel model for terahertz
when using HDPE lenses at the transmitter. We show that the
model agrees very well with measured data. This frequency
band is virtually unused and therefore can be used to pro-
vide very high data rates at short ranges. However, as we
show, channel impairments will require careful communication
system design. Our future work is looking at more complex
signal propagation trajectories (such as reflections) in indoor
environments. In addition, we are studying the challenges of
resource allocation for terahertz based cells.
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