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Abstract—Over the past several decades the terahertz - and
more specifically the sub-terahertz (sub-THz) - band has been
explored as an enabling technology for future wireless com-
munications systems. However, there has yet to be a practical
system architecture to actualize long-range, terabit-per-second
(Tbps), links. In this paper, a potential system design for a multi-
kilometer, Tbps wireless backhaul using sub-THz communica-
tions is provided. The presented system implements an array
of subarrays or an array of directional antennas architecture to
perform distributed multiple-input multiple-output (MIMO), and
the analytical results demonstrate the potential of the system to
support Tbps links over multiple kilometers.

Index Terms—Sub-THz communications, Tbps, wireless back-
haul

I. INTRODUCTION

Over the past several decades the terahertz - and more
specifically sub-terahertz (sub-THz) - band has been explored
as an enabler for future wireless communications. Loosely
defined to span from 100 to 500 GHz, the sub-THz band has
broad available chunks of spectrum that can support terabit-
per-second (Tbps) wireless links. If such links could provide
low-latency and long-range communications, they would make
a viable alternative to the expensive fiber optics infrastructure
and could one day be a part of bridging the digital divide.

However, there has yet to be a practical system architecture
to actualize Tbps links, and this implementation is still an open
research question. With the exception of a few works [1], [2],
much of the recent focus for sub-THz communications has
been on short-range applications. This focus is understandable
given the notoriously low transmission power of sub-THz
devices, and the fact that much of the technology is still
emerging. But, if we hope to use sub-THz to bridge the digital
divide, long-range high-capacity links are necessary, and in
this paper, we will show that they are closer to a reality than
one might expect.

The rest of this paper is organized as follows: Sec. II
explains the reasoning behind the chosen system model, and
then the model is described in Sec. III. We also provide the
necessary derivations given physical and practical constraints
and present the numerical results along with discussions in
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Fig. 1. Amount of bandwidth required to achieve a Tbps link with a given
modulation order and number of MIMO channels

Sec. IV. In Sec. V we provide some thoughts on what parts
of the research must still be done for multi-kilometer Tbps
links to become a reality, before offering concluding remarks
in Sec. VI.

II. MOTIVATION FOR THE CHOSEN SYSTEM MODEL

To perform this analysis, we start with our objective in
mind: a multi-kilometer, Tbps link.

A. MIMO Channels are Necessary

It has been shown in [3] that in addition the broad
bandwidths available at sub-THz frequencies, multiple-input
multiple-output (MIMO) channels will also be required to
reach Tbps links. In Fig. 1 we show in a color gradient
the bandwidth required to reach a Tbps link with a certain
modulation and a certain number of MIMO channels as
dictated by

1 ∗ 1012 = BW ∗ log2 (M)NMIMO, (1)

where BW is the bandwidth, M is the modulation order,
and NMIMO is the number of MIMO channels. Although,
theoretically, one could try to design a system with one MIMO
channel using 100 GHz centered perhaps at 500 GHz, using
such a broad bandwidth is impractical both from a hardware
perspective and a spectrum sharing/allocation perspective. In
other words, it is difficult to both build devices with relatively
steady performance across 50 GHz of bandwidth and to obtain979-8-3503-65832/25/$31.00 © 2025 IEEE
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licensing to legally use that much bandwidth. Especially con-
sidering many sensitive passive devices, the available spectrum
within the sub-THz band is not all contiguous. Thus, MIMO
channels are necessary to build our practical multi-kilometer
Tbps link.

B. Achieving MIMO Channels in LoS Scenarios

It has also been thoroughly demonstrated that the sub-
THz MIMO channel is primarily line-of-sight (LoS) [4].
Particularly for the case of a multi-kilometer link, given the
high propagation loss of sub-THz signals, combined with the
required directivity of the transmissions to overcome this path
loss, we will not be able to rely on multi-path propagation to
provide a spatial multiplexing gain as is often done at lower
frequencies. Many recent works have explored methods for
achieving spatial multiplexing in sub-THz LoS MIMO. Chief
among the strategies presented are:

1) using the near-field propagation characteristics to care-
fullly space the antenna elements in a way that maxi-
mizes the channel gains [5]–[7]

2) using different polarizations [8] or different levels of or-
bital angular momentum (OAM) [9] to create orthogonal
channels

3) using the antenna element directionality to create orthog-
onal channels in an array of sub-arrays (AoSA) or array
of directional antennas (AoDA) architecture [10], [11]

One could argue that the third strategy is a special case of the
first. Again, keeping our objective of a Tbps multi-kilometer
wireless backhaul in mind, we start our analysis following
Option 3, and later provide discussion on potentially extending
to include different polarizations. We refrain from starting
with Option 2 because although polarization multiplexing can
successfully and simply increase the system capacity by a
factor of two or three, using polarization as the primary
multiplexing technology limits the number of possible MIMO
channels to the number of possible polarizations. As for OAM
channels, the divergence of the OAM beams often necessitates
that either the transmitter and receiver are large with close to
full phase and amplitude control over the entire aperture to
successfully (de)multiplex multiple OAM modes (a compu-
tationally expensive and difficult-to-fabricate architecture), or
that the transmitter’s antenna aperture or uniform circular array
(UCA) be smaller than the receiver’s [12]. This asymmetry is
not ideal for wireless backhaul systems that would need full-
duplex capabilities. Although there has been work showing
potential strategies to mitigate the divergence [12], [13] that
could lead to OAM being a viable future solution for some
applications, Option 3 provides simpler implementation and
we continue with this strategy to design our system.

III. SYSTEM MODEL

We use the system model shown in Fig. 2 as a starting
point, where each green square represents a single subarray
or directional antenna element with dimension Dsub. We
emphasize that this architecture is possible with either the
AoSA or AoDA architecture. For this analysis and generality,
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Fig. 2. System model for an arbitrary number of subarrays.

we consider on the AoSA architecture for this analysis and at
the end offer some discussion about the possibilities for the
AoDA architecture.

The separation between subarrays is given by dsep, and the
transmission distance between the nth transmit antenna and the
kth receive antenna is given by dn,k, with ψn,k representing
the angle between dn,k and the normal. For symmetry, we
consider identical transmit and receive architectures and that
each subarray is steered to its normal. The length and width
of each AoSAs is given by dsep(Nx/y − 1) +Dsub, where

Nx =
Nsubarrays

⌊
√
Nsubarrays⌋

, (2)

and
Ny = ⌊

√
Nsubarrays⌋. (3)

We begin by determining several practical restrictions for
the system given the required transmission distance and the
chosen architecture.

First, although strategy 1 for generating LoS MIMO chan-
nels, relies on the entire transmit and receive antenna arrays
being in each others’ near field such that the phase difference
in paths between pairs of transmitting and receiving antennas
is distinguishable [14], in order to accurately calculate the
propagation characteristics for each sub-channel, each subar-
ray will need to be operating in its far-field region. Aside from
the untraditional propagation loss that occurs in the near-field
that has only begun to be characterized, if we plan to utilize
the antenna elements’ or subarrays’ directivity to improve
the design performance, it is important to note that their
directivity can be substantially reduced within their near-field
region [15]. Therefore, we should be in the far-field of these
elements/subarrays so that the directivity and propagation
losses observed from each subarray are as anticipated. Thus
according to the Fraunhofer equation [16],

Dsub ≤
√
zmax (λ)

4
, (4)

where z is the transmission distance, and max(λ) is the largest
wavelength used in the broadband signal. Theoretically, dsep
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could be as small as Dsub, however, different separations will
have different performances [6], [10], so in our analysis, we
will sweep Dsub ≤ dsep ≤ z tan(θ3dB), where θ3dB is the
3 dB beamwidth of the subarrays and can be found using
knowledge of the subarray size to find the minimum gain [14]
Gmin =

4πD2
sub

max(λ)2 (i.e. the gain corresponding to the maximum
wavelength and the largest 3dB-beamwidth, which we find
according to

θ3dB = 2arccos

(
1− 2

Gmin

)
. (5)

The channel matrix for this system is given by

H =



h1,1 ... hn,1 ... hNtx,1

h1,2 ... hn,2 ... hNtx,1

. . . .

. . . .

. . . .
h1,Nrx−1 ... hn,Nrx−1 ... hNtx,Nrx−1

h1,Nrx ... hn,Nrx ... hNtx,Nrx


, (6)

where hn,k is a vector representing the channel between the
nth transmit and kth receive subarray. We find hn,k according
the frequency-dependent path and absorption loss, propagation
phase, and subarray radiation pattern, βn,k(ψn,k, f), like so:

hn,k = αn,k (dn,k, f)βn,k(ψn,k, f)βn,k(ψn,k, f)e
j2πdn,k/λ.

(7)
Where we have taken αn,k (dn,k, f) to be the combined

spreading and absorption loss and βn,k(ψn,k, f) to be the
radiation pattern of a square phased array of patch antennas
spaced λc/2 and with height and width of λc/4, λc is
the center wavelength. We find βn,k(ψn,k, f) according to
to [16], and leave the expression out for brevity. From H ,
we can calculate the channel rank and condition number to
determine the feasibility of spatial multiplexing. To estimate
the transmission power required to close the link, we determine
a target signal-to-noise ratio (SNR) threshold and perform the
following calculation:

PTX =Σ
fc+

BW
2

fc−BW
2

SNRreqkBT∆f

G2(f)L(f)
, (8)

where SNRreq is the SNR threshold, kB is the Boltzmann
constant, T is room temperature in Kelvin, and G(f) and
L(f) are the frequency-dependent subarray gain and path loss
respectively.

IV. RESULTS

We now present analytical results indicating the perfor-
mance of a system with the architecture described in Sec. III.

A. Condition Number

In Fig. 3, we show the results for a system with 4 subarrays,
aiming to use 4 MIMO channels, each with 25 GHz of band-
width. From Fig. 1, we recall that such a system would have to
use a modulation order of 1024 to reach Tbps speeds. We start
by calculating the condition number for three possible center
frequencies within the sub-THz band (150 GHz, 350 GHz, and

500 GHz) for five potential transmission distances (from 1 to
5 km) as a function of frequency and the subarray separation.
Although the channel rank is a common metric to determine
the number of linearly independent rows or columns, which
indicates the number of independent subchannels that exist, the
condition number provides a clearer picture of how well those
subchannels can feasibly support spatial multiplexing [17]. In
practice condition numbers below 10 dB are very good, and
condition numbers above 20 dB indicate that it is virtually
impossible to do spatial multiplexing. Thus, for ease of com-
parison and without compromising the practical implications
of the results, we have limited our color scale in Fig. 3 to
20 dB, and any larger condition numbers are clipped. The x-
axis of each plot is the range of frequencies occupied by the
25 GHz bandwidth, and the y-axis is the subarray separation
in meters. Each row in the subfigure corresponds to a certain
center frequency, while each column corresponds to a certain
transmission distance.

Keeping with the findings of previous works [6], [10], the
channel’s ability to support spatial multiplexing varies peri-
odically with the subarray separation. We see this especially
with small separations, and this periodicity (i.e. the blue and
yellow horizontal lines) diminishes as the antenna separation
increases and/or as the transmission distance decreases. This
trend is due to the antenna elements’ directivity playing a more
dominant role as the subarrays are moved farther apart and/or
as the transmitter and receiver are brought closer together.

We also notice that the frequency dependence means that
at some subarray separations, the condition number is not
constant across the entire signal bandwidth. This is especially
noticeable in the lower frequency range with the 140 GHz
center frequency; the bright horizontal lines are slanted. For
a system to support spatial multiplexing across the entire
25 GHz of bandwidth, we are essentially looking for a
horizontal line within these plots that remains in the dark blue
or green region. There are obviously many options when the
array separation is large (greater than 8 m, 5 m, and 4 m for
5 km links at 150 GHz, 350 GHz, and 500 GHz, respectively),
but for ease of fabrication and deployment, it is generally
preferred to have smaller systems. From Fig. 3, we see that
there are indeed smaller subarray separations that can support
multiplexing links. For example, in Fig. 3m, for a 3 km link
centered at 500 GHz, the subarrays can be separated a little
less than 1 m with Dsub ≈ 34 cm. For the 4x4 MIMO system
considered in this case, that would mean the full aperture size
would be smaller than 1.5 m x 1.5 m, which is a practical size
for deployment.

B. Required Transmission Power

Aside from determining whether spatial multiplexing is
feasible in the given scenario, it is also important that the
transmission power required to achieve Tbps speeds is within
reason.

To evaluate this, we first determine the required SNR for
reasonable performance. According to Fig. 1, a 4-channel
system with 25 GHz of bandwidth would need to support
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Fig. 3. Channel Condition Number over the operational bandwidth of the system for different subarray separations for a 150 GHz system with transmission
distances of (a) 1 km, (b) 2 km, (c) 3 km, (d) 4 km, (e) 5 km; for a 350 GHz system with transmission distances of (a) 1 km, (b) 2 km, (c) 3 km, (d) 4 km,
(e) 5 km; and a 500 GHz system with transmission distances of (a) 1 km, (b) 2 km, (c) 3 km, (d) 4 km, (e) 5 km.
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Fig. 4. Total Transmission Power Required to Support a Tbps link using 4
MIMO channels

a modulation order of 1024 in order to reach Tbps speeds.
Recalling that the probability of error for an M-QAM system
is given by [18]:

Perr = 4

(
1− 1√

M

)
Q

√
3 log2(M)SNRBW

fb

M − 1

 , (9)

where fb is the bit rate. We can plot the error rate as a function
of SNR (excluded in this paper for brevity) and determine that
to achieve an error rate of 10−6, the SNR should be close
to 30 dB. Equation (8) demonstrates how we can use this
threshold to calculate the required power and results for the
same 4x4 MIMO system described previously are shown in
Fig. 4. Although these values may seem uncharacteristically

low for multi-kilometer, Tbps links recall that the high gain of
the subarrays significantly reduces the required transmit power
making these systems relatively efficient.

One other point of consideration in terms of the transmit
power is that although the required SNR will be the same
for different implementations of a 1024-QAM (i.e., single-
carrier, orthogonal frequency division multiplication (OFDM),
and discrete Fourier transform spread OFDM (DFT-spread
OFDM)), the average power for each implementation will be
slightly different considering the peak-to-average-power ratio
(PAPR). A single-carrier system with frequency-domain pre
and post-equalization would likely offer the best performance
in terms of transmission power efficiency, but processing
power should also be considered to optimize the system per-
formance. The results in Fig. 4 offer a general approximation
of the required transmission power that should be expected.

V. FUTURE DIRECTIONS

In this paper we have shown a physical implementation
that would allow for multi-kilometer Tbps links. The design
is fairly straightforward, and can likely lend itself to imple-
mentation in the near future. There are, however, a few areas
of research that must be addressed in order for these links to
become a reality. In this section, we discuss what those areas
are, and how we might adapt the system model accordingly.

A. Optimizing for Bandwidth and Power Limitations of the
Hardware Back-end

Perhaps one of the largest remaining challenges in creat-
ing broadband sub-THz systems is creating a digital back-
end capable of processing incoming data at Tbps speeds.
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Although there have been some works demonstrating real-
time processing for sub-THz communications, to the authors’
knowledge 48 Gbps is the highest speed shown to be processed
in real-time over a total bandwidth of 8 GHz [19]. Aside from
improving the capabilities of real-time processing platforms,
this challenge can also be addressed by reducing the amount
of bandwidth used by the backhaul system or conversely
increasing the number of MIMO channels. These additional
channels could be added as spatially multiplexed channels as
shown above or as a combination of spatially multiplexed and
polarization multiplexed channels to relax some of the design
constraints.

On the other hand, although the required radio frequency
power is low, the true power drain will come from the hard-
ware back-end, particularly the analog-to-digital converters
(ADCs) and digital-to-analog converters (DACs) on each RF
chain. From this perspective, fewer MIMO channels would
be preferred. Thus, there will need to be some compromise
and optimization to find the appropriate number of MIMO
channels and modulation order to allow for realistic bandwidth
and power consumption given the hardware back-end.

B. Finding the Ideal Subarray or Directional Element

Another fabrication challenge and expense would be cre-
ating subarrays large enough for the proposed architecture
if traditional phased arrays are considered. Fortunately, for
this backhaul application, the system would likely be static,
and therefore these subarrays would likely not need to be
steered individually, which would eliminate the requirement
for adjustable phase shifters at each element. Still, to the
authors’ knowledge, the current largest phased array at sub-
THz frequencies has 128 active elements [20], and for the
presented analysis, we would need subarrays with up to 300
elements. One potential solution would be to use directional
antenna elements such as horn or dish antennas instead of
subarrays. This approach would also help ensure that the
signals being combined by each element of the phased array
are more than just noise. However, future analysis should
consider more thoroughly when and whether steering would
be required. An important question is how resilient such a
system would be to slight misalignments and the architecture
may need to be adapted for a case where steering is required
(i.e., in a non-terrestrial network, for example).

VI. CONCLUSION

In this paper, we answer the practical question of de-
signing a multi-kilometer Tbps wireless backhaul using sub-
THz communications. The presented system uses an AoSA
or AoDA architecture to perform distributed MIMO, and
analytical results demonstrate the system’s potential to support
Tbps links over multiple kilometers. Future directions to make
such a system a reality are also discussed, and we look forward
to seeing high-speed sub-THz backhauls be part of the solution
to today’s digital divide.
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