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Abstract—A solution is presented to the spatial-wideband effect in
line-of-sight multiple-input multiple-output transmission. This effect,
which arises once the bandwidth is large enough that the propagation
delay differences for distinct transmit-receive antenna pairs become
comparable to the symbol period, causes frequency selectivity and
intersymbol interference. The proposed solution, which only entails
channel-independent DFT precoding and reception, plus delay lines,
performs close to capacity for most array orientations and is
compatible with both multicarrier and single-carrier signals.

I. INTRODUCTION

Wireless systems continue their shift towards ever higher
frequencies, where much idle bandwidth awaits. With 5G cur-
rently seizing mmWave bands, the attention of researchers is
already moving to the subterahertz range (0.1–1 THz) [1]. Re-
cent experiments with state-of-the-art solid-state electronics have
demonstrated bit rates in excess of 100 Gb/s using 20 GHz of
bandwidth at 300 GHz [2].

Besides lots of spectrum, the shift to higher frequencies offers
an opportunity: the conjunction of a diminishing range and
a shrinking wavelength renders multiple-input multiple-output
(MIMO) transmission feasible in line-of-sight (LOS) conditions
[3]–[14]. Indeed, a nonsingular channel matrix can be obtained
without the need for multipath propagation, on the basis of
only the array apertures, as reasonably sized arrays become
large enough relative to the wavelength and the range to resolve
individual antennas at the other end. This is welcome news
because, given the limited diffraction and the susceptibility to
blockages at these frequencies, LOS propagation is the chief
transmission mechanism therein.

Although it may be tempting to think that pure LOS channels
are immune to frequency selectivity and intersymbol interference
(ISI), because a single propagation path connects transmitter and
receiver, that is not the case. With antenna arrays in place, differ-
ences do exist among the lengths of the links for each transmit-
receive antenna pair (see Fig. 1). These differences, customarily
negligible, come into play at the very large bandwidths envisioned
for subterahertz communication. To refer to the ensuing form of

frequency selectivity, the term spatial-wideband has been coined
[15] and, for LOS MIMO specifically, the degradation it brings
about becomes pronounced for bandwidths well below 1 GHz
[16], [17].

When, rather than MIMO, transmitter and receiver implement
phased-array beamforming, the spatial-wideband effect manifests
itself as misfocus, which is a drift in the focal point over
frequency. (As the range grows, misfocus degenerates into beam
squint, whereby it is only the beam direction that drifts over
frequency [18]–[20].) Misfocus can be corrected with true-time-
delay beamforming, where, rather than antenna-specific phase
shifts, antenna-specific delays are applied to the signal (see Fig.
2) [21]–[23].

Compared with beamforming, tackling the spatial-wideband
effect becomes much more challenging in LOS MIMO because,
from the vantage of each receive antenna, different delays would
generally have to be applied to each transmit antenna, and vice
versa. A solution proposed in [16] is the one depicted in Fig.
3, which incorporates a bank of per-antenna delay lines at both
transmitter and receiver; these partially equalize the link delay
differences, enabling a precoder and receiver optimized for the
carrier frequency to be effective over large bandwidths. Although
this is a satisfying solution, it falls short of being comprehensive
in two respects:

• It is least effective for near-broadside orientations, arguably
the most relevant ones.

• While a single precoder and receiver are required, these are
based on a singular value decomposition (SVD) of the chan-
nel at the carrier frequency. The associated computational
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Fig. 1. Delay differences in LOS MIMO.978-1-6654-3540-6/22 © 2022 IEEE
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dt

Fig. 2. True-time-delay transmit beamforming, with the stream of symbols fed
into each antenna shown explicitly. The progressive delay of these streams across
the array determines the beamforming direction.
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Fig. 3. MIMO with per-antenna delay lines at transmitter and receiver, plus
precoding and reception tailored to the carrier frequency.

burden grows rapidly in the antenna counts.

The present paper addresses these weaknesses with a comple-
mentary approach that is most effective for orientations closer
to broadside and that requires no SVDs, but only fixed DFT
precoding and reception plus delay lines. The focus is on uniform
linear arrays (ULAs), which experience the most severe spatial-
wideband effect for given numbers of antennas.

II. CHANNEL MODEL

The LOS channel under consideration is spawned by ULAs
featuring Nt transmit and Nr receive antennas, with respective
antenna spacings denoted by dt and dr. The ULA orientations
can be specified in complete generality (see Fig. 4) through the
corresponding elevation angles, θt and θr, plus one azimuth angle,
φ.

The channel is regarded as static, hence known by transmitter
and receiver.

A. Narrowband

Let us begin by considering a narrowband situation. Then, the
channel between the mth transmit and the nth receive antenna
adopts the form of the complex coefficient

√
GtGr c

4πfcDn,m
e−j

2π
c fcDn,m n = 0, . . . , Nr − 1 (1)

m = 0, . . . , Nt − 1

x

y zD

θt

θr

φ

Fig. 4. LOS MIMO setting with transmit and receive ULAs.

with Dn,m =
√
D2
x +D2

y +D2
z 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)

and with fc the carrier frequency while 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 can be normalized into

H =

 e−j
2π
c fcD0,0 . . . e−j

2π
c fcD0,Nt−1

...
. . .

...
e−j

2π
c fcDNr−1,0 . . . e−j

2π
c fcDNr−1,Nt−1

 . (5)

Let x =
√
SNR/Nt Fs be the transmit signal, with s a vec-

tor of unit-power symbols and with the precoder F satisfying
tr(FF ∗) = Nt such that, given transmit power P , noise spectral
density N0, and bandwidth B,

SNR =
PGtGrc

2

(4πfcD)2N0B
(6)

is the signal-to-noise ratio per receive antenna. The receiver
observes

y =

√
SNR

Nt
Hx+ z, (7)

where z ∼ NC(0, I).
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 [24]. This entails the
SVD of H .

B. Wideband

As the bandwidth and/or the array apertures grow, the delay
differences become nonnegligible relative to the symbol period



and the channel becomes frequency-selective. Then, the receiver
observes

y(f) =

√
SNR

Nt
H(f) x(f) + z(f) − B

2
≤ f ≤ B

2
(8)

where, generalizing (5), the (n,m)th entry of H(f) is

[H(f)]n,m = e−j
2π
c (fc+f)Dn,m . (9)

If the frequency-domain pulse shape is not flat over the signal
bandwidth, it can be absorbed within (9).

As, for given θt and θr, increasing φ can only reduce the spread
of the delays, we henceforth conservatively concentrate on φ = 0.

III. INFORMATION-THEORETIC CAPACITY

Applying, now as a function of frequency, the SVD-based
strategy sketched in Sec. II-A, the capacity emerges as [25]

C =
1

B

Nmin−1∑
k=0

∫ B/2

−B/2
log2

(
1 + SNR

[
1

γ
− 1

σ2
k(f)

]+
σ2
k(f)

)
df

(10)

with σk(f) the kth singular value of H(f) while γ satisfies

1

B

Nmin−1∑
k=0

∫ B/2

−B/2

[
1

γ
− 1

σ2
k(f)

]+
df = 1 (11)

given [z]+ = max(0, z). Approaching (10) entails a progressively
finer partition into frequency subbands with a correspondingly ex-
ploding number of SVDs; this motivates the interest in alternative
solutions that are scalable.

IV. SVD AT CARRIER FREQUENCY

The solution proposed in [16] and illustrated in Fig. 3 incorpo-
rates per-antenna delay lines at transmitter and receiver, respec-
tively α0, . . . , αNt−1 and β0, . . . , βNr−1. Although it is generally
not possible to simultaneously equalize the delay differences for
every transmit-receive antenna pair, by adjusting α0, . . . , αNt−1

and β0, . . . , βNr−1 so as to minimize the spread (in the mean-
squared sense) of those differences, a single precoder and receiver
computed from the channel SVD at the carrier frequency performs
satisfactory over large bandwidths. This performance, illustrated
in Figs. 8 and 9, improves as the transmit and receive arrays are
rotated away from each other, being least satisfactory as their
orientations become closer to broadside.

In the sequel, we present an alternative scheme that overcomes
this weakness and does not entail SVDs.

V. DFT-BASED SOLUTION

When the arrays are small relative to the range D, not only is
the channel magnitude constant over those arrays, but the phase
is approximately quadratic thereon, such that [8]

H(f) ≈ e−j 2π
c D(fc+f)D∗

rx(f)HULA(f)D
∗
tx(f), (12)

where
[HULA(f)]n,m = ej2πη(f)

nm
Nmax (13)

with Nmax = max(Nt, Nr) and

η(f) =
(dr cos θr)(dt cos θt)Nmax

cD
(fc + f). (14)

In turn, D∗
tx(f) and D∗

rx(f) are diagonal matrices defined by

[D∗
tx(f)]m,m = e

−j 2π
c

(
mdt sin θt+

m2

2D d
2
t

)
(fc+f) (15)

[D∗
rx(f)]n,n = e

−j 2π
c

(
ndr sin θr+

n2

2D d
2
r (1−sin2 θr)

)
(fc+f). (16)

From (13), HULA(f) is a Vandermonde matrix and, at those
frequencies where η(f) ≤ 1, this matrix has been shown to
exhibit remarkable properties that we expound next.

A. η(f) ≤ 1

Suppose that Nmax

η(f) is integer. Then, rewriting (13) as

[HULA(f)]n,m = ej2π
nm

Nmax/η(f) (17)

we have that the Nr × Nt matrix HULA(f) is a submatrix of a
Nmax

η(f) × Nmax

η(f) DFT matrix. Precisely,

HULA =

√
Nmax

η(f)

[
INr

0
]
ΩNmax

η(f)

[
INt

0

]
, (18)

where

[ΩL]n,m =
1√
L
ej2π

nm
L . (19)

As Nmax grows, the rounding associated with noninteger Nmax

η(f)
becomes immaterial and the singular values of HULA polarize:
η(f)Nmin singular values approach a value of

√
Nmax/η(f) while

the rest vanish [26]. Moreover [8]

Ω∗
Nt

H∗
ULA(f)HULA(f)ΩNt

≈ Nmax

η(f)
diag

(
1, . . . , 1︸ ︷︷ ︸
η(f)Nmin

, 0, . . . , 0
)
,

(20)

which sharpens with increasing Nmax; thus, HULA is asymptoti-
cally diagonalized by an Nt × Nt DFT matrix. It follows that,
equipping the transmitter with the precoder F = ΩNt plus a bank
of per-antenna delays dictated by Dtx(f), namely

αm = −1

c

(
mdt sin θt +

m2

2D
d2t

)
, (21)



the receiver observes

y(f) =

√
SNR

Nt
H(f)Dtx(f)ΩNt

s+ z(f) (22)

and, with matched-filter combining thereon,(
H(f)Dtx(f)ΩNt

)∗
y(f)

=

√
SNR

Nt
Ω∗
Nt

Dtx(f)
∗H(f)∗H(f)Dtx(f)ΩNt

s+ z̃(f)

=

√
SNR

Nt
Ω∗
Nt

H(f)∗ULAHULA(f)ΩNts+ z̃(f) (23)

≈
√

SNR

Nt
· Nmax

η(f)
diag

(
1, . . . , 1︸ ︷︷ ︸
η(f)Nmin

, 0, . . . , 0
)
s+ z̃(f) (24)

where the covariance of z̃(f) is

Ω∗
Nt

Dtx(f)
∗H(f)∗H(f)Dtx(f)ΩNt

(25)

≈ Nmax

η(f)
diag

(
1, . . . , 1︸ ︷︷ ︸
η(f)Nmin

, 0, . . . , 0
)
.

Altogether, we (asymptotically) obtain η(f)Nmin parallel chan-
nels, each with signal-to-noise ratio of Nmax

Nt
· SNRη(f) .

B. Antenna Spacings

In order to capitalize on the behavior detailed in Sec. V-A, it
is necessary to guarantee that η(f) ≤ 1 across the entire signal
bandwidth. From (14), this in turn requires that

dtdr ≤
cD

(fc + f) cos θt cos θrNmax
. (26)

This condition is met, for every in-band frequency and every
orientation provided that

dtdr ≤
cD(

fc +
B
2

)
Nmax

. (27)

In the special case that dt = dr = d, the above explicitly gives

d ≤
√

cD(
fc +

B
2

)
Nmax

. (28)

Ideally, the antenna spacings should meet this condition with
equality at high SNR, shrinking progressively as the SNR abates.

C. Transmit-Receive Architecture

Contingent on antenna spacings meeting the afore-specified
condition, the proposed transmit-receive architecture, depicted in
Fig. 5, entails

• The DFT precoder, F = ΩNt
, which does not depend on the

channel.
• A bank of per-antenna delay lines at the transmitter, config-

ured as per (21).
• The matched-filter receiver Ω∗

Nt
D∗

tx(f)H(f)∗.
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⌦Nt

Fig. 5. Transmit-receive architecture.

This matched-filter receiver, which is frequency-selective, ad-
mits two distinct embodiments.

• With multicarrier signaling, the matched filter can be readily
implemented using phase shifts on a per-subcarrier basis.
The tradeoff between performance and number of subcarriers
is explored in the next section.

• With either multicarrier or single-carrier signaling, the por-
tion

D∗
tx(f)H(f)∗ ≈ ej 2π

c D(fc+f)H∗
ULA(f)Drx(f) (29)

of the matched filter can be implemented via Nr banks of
delay lines set to

βn,m =
1

c

(
dr cos θr dt cos θt

D
nm (30)

− ndr sin θr −
n2

2D
d2r (1− sin2 θr)

)
with a further delay D/c, common to every m and n.
These banks of delay lines, properly combined, must then
be followed by the fixed DFT filter Ω∗

Nt
(see Fig. 6).

VI. PERFORMANCE EVALUATION

For performance evaluation purposes, let us consider the sit-
uation in Fig. 7, where the transmitter is vertical (θt = 0). We
further consider Nt = Nr = 64, D = 30 m, fc = 300 GHz,
B ≤ 20 GHz, and the antenna spacings given by (28) taken as an
equality. We hasten to emphasize that, while the formulation of
the solution relies on the arrays being small relative to D, hence
on (12), the results in this section are produced with the exact
channel matrix.

Shown in Fig. 8 is the spectral efficiency vs θr. A transmission
oblivious to the spatial-wideband effect performs catastrophically
in most orientations. With the solution proposed in [16], the
performance recovers markedly, but the shortfall from capacity
is still considerable over a broad range of orientations, chiefly
broadside. In contrast, the solution proposed in this paper hugs
the capacity over that range. The two solutions are therefore
somewhat complementary.

Fig. 9 shows the performance as the bandwidth is swept from
0.1 GHz to 20 GHz, with θr = 45◦. The spatial-wideband effect
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Fig. 6. Matched-filter receiver implemented as N banks of delay lines followed
by a fixed DFT filter.

x
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Fig. 7. Vertical transmit array with a receive array at elevation θr.

becomes a limiting factor for rather modest bandwidths while the
performance of the proposed solution is excellent throughout, and
again complementary to that of [16].

Finally, Fig. 10 contrasts the implementation based on banks
of delay lines at the receiver, suitable for either multicarrier or
single-carrier transmission, with an implementation specifically
tailored to multicarrier signaling and based on phase shifts
tuned to each subcarrier. With 64 subcarriers, corresponding to
a subcarrier spacing of 312.5 MHz, the performance of the two
implementations becomes almost identical. With larger subcarrier
spacings, the phase-shift-based alternative begins to degrade.

VII. SUMMARY

Equipped only with DFT precoding and reception, and per-
antenna delay lines, it is possible to tightly approach the LOS
MIMO capacity for most array orientations, chiefly those close
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to broadside. Moreover, no SVDs are necessary and the solution
is compatible with both multicarrier and single-carrier signaling.

Moving forward, it would be of interest to reassess the per-
formance with estimated time-varying channels, rather than the
static channels considered in this paper.
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