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Abstract—This paper addresses the spatial-wideband effect in
line-of-sight multiple-input multiple-output channels. This effect
arises once the bandwidth is large enough that the differences
in propagation delays for distinct transmit-receive antenna pairs
cease to be negligible relative to the symbol period; this, in turn,
gives rise to intersymbol interference. The impact of this effect
is quantified as a function of the relevant geometric parameters
(range, array orientations, antenna spacings) and a family of
scalable solutions is proposed to counter it. In particular, a
solution based on per-antenna delay lines at transmitter and
receiver is shown to be highly effective, and a criterion is derived
to set those delay lines as a function of the channel.

Index Terms—Line-of-sight communication, multiple-input
multiple-output, spatial-wideband effect, beam squint, precoding.

I. INTRODUCTION

In search of ever wider bandwidths, wireless systems con-
tinue to move to progressively higher frequencies. With 5G
currently seizing mmWave bands, the attention of researchers
is shifting to the subterahertz range (0.1–1 THz) [1]. Recent
experimental demonstrations with state-of-the-art solid-state
electronics have reached 100 Gb/s over 20 GHz of bandwidth
at 300 GHz [2].

By virtue of the minute wavelength, the subterahertz realm
offers additional opportunities besides lots of idle spectrum:
multiple-input multiple-output (MIMO) transmission becomes
feasible in line-of-sight (LOS) conditions [3]–[14]. Precisely,
a high-rank channel matrix can be obtained in the absence of
multipath propagation, based only on the array apertures them-
selves, as the receive array becomes—in wavelengths—large
enough to resolve each transmit antenna. This is a welcome
phenomenon given that LOS is the predominant propagation
mechanism for the envisioned short-range transmissions at
these very high frequencies.

In multipath channels, wide bandwidths inevitably lead
to frequency selectivity and intersymbol interference (ISI)
because of the distinct delays over the multipath components.
As illustrated with a two-path toy setting in Fig. 1, these
delay differences arise chiefly because of the distinct lengths
of the propagation paths; additional differences exist across
antennas, given their slightly displaced positions, but these
are comparatively negligible. In LOS channels, only the direct
propagation path is present and hence there are no multipath-
induced delays, but the antenna-specific differences remain
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Fig. 1. Two-path channel. (a) Path delay differences. (b) Antenna-specific
delay differences.

and the enormous bandwidths amplify their role. Once these
become nonnegligile relative to the symbol period, frequency
selectivity and ISI arise. To refer to this specific kind of
frequency selectivity, the term spatial-wideband has been
coined [15].

When transmitter and receiver implement phased-array
beamforming in LOS, the spatial-wideband effect manifests
itself as a drift in the beam directions over frequency, a phe-
nomenon known as beam squint [16]–[18]. This phenomenon
can be prevented by implementing true time delay beam-
forming, whereby, rather than antenna-specific phase shifts,
antenna-specific delays are applied [19]–[21]. An example of
true time delay transmit beamforming is provided in Fig. 2.

In LOS MIMO with spatial multiplexing, the correction of
the spatial-wideband effect becomes far less straightforward:
from the vantage of each receive antenna, a different set of
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dt

Fig. 2. True time delay transmit beamforming, with the sequence of symbols
radiated by each antenna shown explicitly. The delay across the array
determines the beamforming direction.

delays should generally be applied to each transmit antenna,
and vice versa. This problem motivates the present paper,
whose contributions are:
• A quantification of the impact of the spatial-wideband

effect in wideband LOS MIMO channels.
• The derivation of a family of scalable transmitter and

receiver solutions to counter this effect.
The focus is on uniform linear arrays (ULAs), which expe-
rience the most severe spatial-wideband effects for a given
number of antennas, yet the proposed solutions apply to
arbitrary array topologies.

II. CHANNEL MODEL

Consider an LOS setting with respective ULAs featuring Nt

transmit and Nr receive antennas. As illustrated in Fig. 3, the
ULA orientations can be specified through the corresponding
elevation angles, θt and θr, plus one azimuth angle, φ.

A. Narrowband Representation

Let us begin by considering a narrowband situation, with
negligible differences in the delays over the links connecting
the various transmit and receive antennas. Then, the channel
between the mth transmit and the nth receive antenna adopts
the form of the complex coefficient

√
GtGr λ

4πDn,m
e−j

2π
λ Dn,m n = 0, . . . , Nr − 1 (1)

m = 0, . . . , Nt − 1

where Dn,m =
√
D2
x +D2

y +D2
z is the distance, given

Dx = ndr cos θr −mdt cos θt, (2)
Dy = ndr sin θr sinφ, (3)
Dz = D + ndr sin θr cosφ−mdt sin θt, (4)

whereas λ is the wavelength and Gt, Gr, are the antenna gains
in the appropriate direction.

Provided the array apertures are small relative to Dn,m, the
magnitude of (1) can be regarded as constant across n and m
and the channel matrix can be normalized into

H =

 e−j
2π
λ D0,0 . . . e−j

2π
λ D0,Nt−1

...
. . .

...
e−j

2π
λ DNr−1,0 . . . e−j

2π
λ DNr−1,Nt−1

 . (5)

The receiver observes

y = Hx+ z, (6)

x

y zD

θt

θr

φ

Fig. 3. LOS MIMO setting with transmit and receive ULAs.

where z ∼ NC(0, N0BI) and x =
√
PFs is the transmit

signal, with s a vector of unit-power symbols and F the
precoder satisfying tr

(
FF ∗

)
= 1 such that P is the radiated

power. In turn, N0 is the noise spectral density and B is the
bandwidth.

By precoding along the right singular vectors of H , with
powers optimized via waterfilling, while receiving along the
left singular vectors, capacity can be achieved [22]. This
entails the singular-value decomposition (SVD) of H .

B. Spatial-Wideband Effect

As the bandwidth and/or the arrays grow large, the delay
differences become nonnegligible relative to the symbol pe-
riod, and they must be accounted for in the formulation. The
nth receive antenna observes

yn(t) =

Nt−1∑
m=0

xm(t− τn,m) e−j
2π
λ Dn,m + zn(t) (7)

with τn,m = Dn,m/c the delay experienced by the signal from
the mth transmit antenna and

xm(t) =
√
P

K∑
k=1

fm,k sk(t) (8)

where fm,k is the (m, k)th entry of F and

sk(t) =

∞∑
i=−∞

sk,i g(t− i/B) (9)

is the kth data stream, for k = 1, . . . ,K, with {sk,i} being
unit-power symbols and g(·) a unit-energy pulse. (The symbol
period has been taken to be 1/B, with a corrective factor being
necessary if the pulse shape consumes excess bandwidth.)

For given θt and θr, increasing φ is sure to reduce the delays,
hence we can conservatively concentrate on φ = 0. And, as in
conventional ISI channels, a key figure of merit is the delay
spread

στ =

√√√√ 1

NtNr

∑
m

∑
n

τ2n,m −
(

1

NtNr

∑
m

∑
n

τn,m

)2

,

(10)
whose definition is simpler than in conventional ISI channels
by virtue of the power being the same for all the terms.
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Fig. 4. Vertical transmit array with a receive array at elevation θr.
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Fig. 5. Delay spread as a function of Nt = Nr = N at 300 GHz, with
D = 30 m and dt = dr =

√
λD/N . The threshold 0.1/B is indicated for

B = 1, 5, and 20 GHz.

Once the condition στB � 1 is violated, the narrowband
representation set forth in Sec. II-A no longer suffices and a
transmit-receive architecture oblivious to this may experience
a severe performance degradation. Based on the rule of thumb
from ISI channels that the degradation becomes considerable
for στB & 0.1, we can delineate the regimes where the spatial-
wideband effect might arise. For a representative assessment,
consider the situation in Fig. 4, where the transmitter is vertical
and the receiver is oriented as per θr. The corresponding delay
spreads in Fig. 5 evince that, for θr ≥ 45◦ and B ≥ 1 GHz, the
effect might arise even for two-antenna arrays; with substan-
tially more than two antennas, it might arise for bandwidths of
only a few hundred MHz. The robustness increases somewhat
as θr approaches zero, but, even then, the effect might arise
for multi-GHz bandwidths. As illustrated in Sec. IV, the
effect indeed arises in all of these situations and the ensuing
performance degradation is dire.

III. INFORMATION-THEORETIC CAPACITY

The channel is regarded as static, hence known by both
transmitter and receiver. In the frequency domain, and with

the observations at the Nr receive antennas assembled into a
vector, (7) becomes

y(f) = H(f) x(f) + z(f) − B

2
≤ f ≤ B

2
(11)

where

hn,m(f) = e−j
2π
λ Dn,m e−j2πfτn,m (12)

whose second term reflects the frequency-selective nature of
the channel on account of the spatial-wideband effect. If the
Fourier transform of the pulse shape, G(f) = F{g(τ)}, is
not flat over the signal bandwidth, it can be absorbed into
hn,m(f).

Applying, now as a function of frequency, the SVD-based
strategy sketched in Sec. II-A, the capacity emerges as

C =
1

B

Nmin−1∑
k=0

∫ B/2

−B/2
log2

(
1 +

P

N0

[
1

γ
− 1

σ2
k(f)

]+
σ2
k(f)

)
df

(13)

with σk(f) the kth singular value of H(f) while γ satisfies
Nmin−1∑
k=0

∫ B/2

−B/2

[
1

γ
− 1

σ2
k(f)

]+
df = 1 (14)

given [z]+ = max(0, z).
Approaching (13) via optimum transmission and reception

in the frequency domain involves a progressively finer partition
into subbands with a correspondingly growing number of
SVDs. This motivates the interest in alternative solutions that
are scalable, which is the subject of the next section.

IV. SCALABLE WIDEBAND MIMO

A. Frequency-Domain Approach

A scalable approach inspired directly on the formulation of
the capacity would be to partition the available bandwidth into
L subbands, with L being a tradeoff between performance and
complexity. (For L = 1 we recover the scheme based on the
narrowband representation whereas, for L → ∞, we obtain
the capacity-achieving solution.) This approach, entertained
already for beamforming [23], can be applied to general
MIMO settings by replacing the per-subband beamforming
with per-subband SVD-based transmission and reception.

Letting H` be the channel at the center frequency of the
`th subband, with SVD given by H` = U`Σ`V

∗
` where

Σ` = diag
(
σ`,0, . . . ,σ`,Nmin−1

)
, the transmit-receive relation-

ship over that subband is [24, sec. 5.3]

U∗`y`(f) =
√
P U∗`H(f)V` diag

(√
p`,0, . . . ,

√
p`,Nmin−1

)
s`

+ U∗`z`(f) (15)

where p`,k is the power allocated to the kth data stream on the
`th subband and U∗`z`(f) ∼ z`(f). The signal-to-interference-
plus-noise ratio (SINR) experienced by the kth stream over
the `th subband is then

sinr`,k(f) =
p`,k |u∗`,kH(f)v`,k|2∑

k′ 6=k p`,k′ |u∗`,kH(f)v`,k′ |2 + 1
L
N0B
P

(16)
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Fig. 6. Spectral efficiency versus L with Nt = Nr = 64, D = 30 m,
P

N0B
= 10 dB, fc = 300 GHz, and B = 20 GHz. In dashed, the

corresponding narrowband capacity.

where

p`,k =

[
1

γ
− 1

σ2
`,k

]+
(17)

with γ such that
∑
k

∑
` p`,k = 1. The achievable spectral

efficiency is

C =
1

B

Nmin−1∑
k=0

L∑
`=1

∫ −B2 + `B
L

−B2 +
(`−1)B
L

log2

(
1 + sinr`,k(f)

)
df.

(18)

This spectral efficiency is exemplified in Fig. 6, which
evidences how, for some receiver orientations, very few sub-
bands suffice to converge to the capacity whereas, for other
orientations, the convergence is excruciatingly slow and the
scalability is called into question.

B. Delay-Domain Approach

While the division into a few subbands is an obvious way of
counterbalancing the increase in bandwidth, it is only effective
for a restricted set of orientations. A delay-domain approach
generalizing the principles of true time delay beamforming is
therefore enticing.

Given per-antenna delay lines as in Fig. 7, the challenge is to
set those delays, denoted by α1, . . . , αNt

at the transmitter and
by β1, . . . , βNr at the receiver. However, as advanced in Sec. I,
the optimum corrective delay for a certain transmit antenna
is in general different from the viewpoint of each receive
antenna, and vice versa. Save for singular situations such as
θt = θr = 0, it is not possible to simultaneously equalize the
delays for the antenna pairs. In fact, the transmissions from
the Nt transmit antennas often do not even reach every receive
antenna in the same order.

sK

s1

s2

xNt

x1

x2

αNt

α1

α2

βNr

β1

β2

ŝK

ŝ1

ŝ2

H

Fig. 7. MIMO setting with per-antenna delay lines at transmitter and receiver.

A strategy that is consistent with the delay spread being a
key figure of merit is to minimize the overall delay spread,
including transmitter, channel, and receiver. That means setting
the transmit and receive delay lines to

(α∗m, β
∗
n) = argmin

αm,βn

1

NtNr

∑
m

∑
n

(
τn,m + βn + αm

)2
−
(

1

NtNr

∑
m

∑
n

(
τn,m + βn + αm

))2

, (19)

which is solved by

β∗n = − 1

Nt

Nt−1∑
m=0

τn,m +
µ

NtNr

Nt−1∑
m=0

Nr−1∑
n=0

τn,m (20)

α∗m = − 1

Nr

Nr−1∑
n=0

τn,m +
1− µ
NtNr

Nt−1∑
m=0

Nr−1∑
n=0

τn,m (21)

where µ is an arbitrary value in [0, 1].
Denoting by Heff(f) the overall channel frequency response

with the transmit and receive delay lines subsumed, such that

heff

n,m(f) = e−j
2π
λ Dn,m e−j2πf(τn,m+α∗m+β∗n), (22)

the SINR and spectral efficiency are given by (16)–(18), with
Heff(f) in lieu of H(f) and with L = 1.

C. Combined Approach

The frequency- and delay-domain approaches can be com-
bined by partitioning the bandwidth into L subbands and
setting the delay lines to respective values obtained by solving
(20) and (21) on each subband.

V. PERFORMANCE EVALUATION

To evaluate the performance of solution propounded in the
previous section, let us again consider the situation in Fig. 4,
where the transmitter is vertical and the receiver is oriented
as per θr.

Shown in Fig. 8 is the spectral efficiency as a function
of θr. While the information-theoretic capacity of a 20-GHz
channel is essentially identical to that of a narrowband channel,
a solution oblivious to the spatial-wideband effect performs
catastrophically in most orientations. With the introduction
of delay lines at transmitter and receiver, a hefty share of
the shortfall is recovered and, with a further partition into a
few subbands, the recovery is almost complete. For θr = 0,
interestingly, the introduction of delay lines with the criterion
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Fig. 8. Spectral efficiency versus θr with Nt = Nr = 64, D = 30 m,
P/N0B = 10 dB, and fc = 300 GHz. The dashed line indicates B/fc � 1
while the solid lines indicate B = 20 GHz (capacity and various solutions,
including being oblivious to the spatial wideband effect).

in (20)–(21) is counterproductive, suggesting that even better
criteria may be possible.

Concentrating on the pure delay-domain solution, Fig. 9
shows how its gap to optimality changes as the bandwidth
is swept from B = 1 GHz to B = 20 GHz, for different
orientations. In every case, the performance is excellent,
and would improve further with any division into subbands.
Finally, Fig. 10 confirms that the performance degradation in
transmissions oblivious to the spatial-wideband effect begins,
for some orientations, with bandwidths of a few hundred MHz.
This reinforces the importance of solutions such as the ones
presented herein. And, for θr = 0, the figure again suggests
that even better criteria than (20)–(21) may exist.

VI. SUMMARY

In LOS MIMO, the performance deteriorates rapidly as
the bandwidth grows due to the spatial-wideband effect. For
most array orientations, the degradation becomes noticeable
for rather modest bandwidths, sometimes well below 1 GHz.
The parallel arrangement of transmitter and receiver is the
most robust.

Except possibly for parallel or quasi-parallel settings, the
spatial-wideband effect must be countered for LOS MIMO
to behave satisfactorily. Division into subbands is an obvious
way, but an exceedingly fine division is required in many
cases. A delay-based solution is much more effective and
largely satisfactory; moreover, a delay-based solution rein-
forces the effectiveness of dividing the bandwidth into a small
number of subbands.

In terms of how to set the transmit and receive delay lines,
minimizing the overall delay spread is an effective strategy, yet
there are hints that even better solutions may be possible, and
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Fig. 9. Spectral efficiency vs bandwidth for Nt = Nr = 64, D = 30 m,
P/N0B = 10 dB at B = 20 GHz, and fc = 300 GHz. For each orientation,
the top curve indicates the capacity whereas the bottom curve corresponds to
delay lines with the criteria in (20)–(21).
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Fig. 10. Spectral efficiency vs bandwidth for Nt = Nr = 64, D = 30 m,
P/N0B = 10 dB at B = 20 GHz, and fc = 300 GHz. Save for θr = 0, the
bottom curve corresponds to being oblivious to the spatial-wideband effect
whereas the top curve corresponds to the use of delay lines.

this presents an avenue of interest for subsequent work. Also
of interest is to reassess the performance with estimated time-
varying channels, rather than the static channels considered in
this paper.
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