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How many beams does sub-THz channel support?
Pekka Kyösti, Mar Francis De Guzman, Katsuyuki Haneda, Nuutti Tervo, Aarno Pärssinen

Abstract—Antenna, radio frequency (RF) circuit, algorithm,
and system researchers on sub-THz RF are interested in knowing
characteristics of corresponding radio channels. Among other
things, a relevant question is the number of beams supported by
the channel. From wideband directional propagation measurements one can estimate how many significant paths are present
in a measurement location, but interpreting that to separable
beams is not trivial. In this letter, we introduce three methods
to approximate the number of beams that a measured power
angular delay profile can support. We show also example evaluations and distribution functions of beam numbers, estimated
from indoor D-band measurement data.
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I.

I NTRODUCTION

Sub-THz or better defined as upper millimetre wave
(mm-wave) frequency region, i.e. 100–300 GHz, is highly
interesting for communications and positioning research aiming at future sixth generation (6G) networks [1]. Extremely
directive antennas are a necessity to compensate for severe
propagation losses and maintain decent signal to noise power
ratio (SNR) with potentially very wide signal bandwidths [2].
Antenna, RF hardware (HW), algorithm, and system researchers must know typical characteristics of sub-THz radio
propagation. For example the following questions are set and
wait for answers. Is line of sight (LOS) the only path that has
enough gain to conduct communication or positioning signals?
Do antenna arrays, related phase control circuits, and/or lenses,
need capability for multiple simultaneous beams or is only one
sufficient? Is spatial multiplexing a viable option? Are there
spare beam directions available if the LOS path is temporally
blocked? Some recent work has given analysis for a specific
case related to 5G including also RF non-idealities [3].
The mentioned need has led to increasing activity in channel measurements in sub-THz and THz frequencies. Unidirectional and bi-directional multipath propagation measurements have been reported, covering azimuth only [4], [5]
or also including elevation [6]. Joint power angular delay
profiles (PADPs) typically collected by such measurements are
sufficient for beam evaluations introduced in Section II.
In conventional multi-antenna radios, the number of independent beams has been analyzed in the context of spatial
diversity and multiplexing. They are defined by the number
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of eigenchannels whose gain is greater than the noise level.
They depend on the antenna geometry and wave propagation
conditions. The upper limit of the number of eigenchannels
is called degrees-of-freedom [7], [8]. It was shown that the
degrees-of-freedom do not decrease in the lower mm-wave
band even if the radio frequency increases, as far as the
physical antenna aperture size remains constant [9].
Phased antenna arrays have been regarded as a realization of
antenna arrays at mm-wave and Terahertz radios. The number
of radio frequency chains is expected to be much smaller than
that of antenna elements [10]. While phased antenna array
designs usually aim at forming beams with a clear peak gain
to specific directions, e.g., [11], such beams have different
shapes from those of eigenchannels, i.e., eigenbeamforming,
and hence are sub-optimal from the channel capacity maximization perspective [12]. For example, for a multi-antenna
transceiver with a single radio frequency chain, the optimum
antenna weight is known to be maximum ratio combining. Its
realized beam pattern does not have the same shape as that
with a clear peak gain to a specific direction when there are
multipaths in the channel. It has been reported that mm-wave
and Terahertz channels have ample multipaths [4]–[6].
The present study discusses the number of independent
beams of upper mm-wave indoor channels from the phased antenna array instead of eigenbeamforming perspectives, because
of its popularity at the frequency band. The derived number of
beams is thought of a practical upper limit of the number of
independent beams, while it is always smaller than the degreesof-freedom of the channel.
II. PAS E VALUATION M ETHODS
The starting point is noise cut measurement data providing
powers, delays, and azimuth angles of discrete multipaths
in different environments and transmitter (Tx) and receiver
(Rx) locations. The Tx and Rx have fixed spatial positions
denoted by index q = 1, . . . , Q. At this point we assume AoA
estimates from Rx. The PADP of link q is Pq (Ω, τ ). With
discrete measurement data, having quantized delay and angle
parameters, it is a finite sum
L

q
Pq (Ω, τ ) = Σl=1
Pl,q δ (Ω − Ωl,q ) δ (τ − τl,q ) ,

(1)

where Lq is the number of paths, δ() is the delta function, and
Pl,q , Ωl,q and τl,q are the gain (squared magnitude), angle and
propagation delay of the lth path of link q, respectively. An
example of measured PADP is shown in Fig. 1(a).
Before performing any quantitative assessments on beam
numbers, we must define the beam. It is done by specifying
a gain pattern G(Ω). Here we would need a representative
beam pattern at the considered sub-THz frequencies. It can
be either a steered beam of a representative phased array or a
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beam of a representative directive antenna system. In this study
we chose a synthetic radiation pattern specified by the third
generation partnership project (3GPP) in [13, Table 7.3-1]. The
peak to minimum gain ratio is 30 dB and the definable half
power beam width (HPBW) is chosen to be 10◦ . In general, the
angular resolution of the considered beam should not exceed
that of the measurement system used for acquiring the data.
In the following sub-sections we define three alternative
methods to evaluate the number of beams supported by propagation channel.

Next we convert these impulse responses to frequency
responses Hq (α, f ) using the Fourier transformation. The
frequency points f must be specified based on the considered
centre frequency, bandwidth, and sample spacing. The correlation coefficient of frequency responses in beam steering angles
α1 and α2 is

A. Method 1: Number of local maxima
The first step is to define the discrete power Rangular spectrum (PAS) of propagation channel as Pq (Ω) = Pq (Ω, τ )dτ .
Then we take convolution of the propagation channel PAS
Pq (Ω) and the beam pattern G(Ω). This corresponds to steering the beam to all directions α and collecting the sum gain
per steering angle. The resulting continuous PAS is

¯ is the complex conjugate operator.
where ()
For the search algorithm, we must choose a discrete set
of beam steering angles. It can be, e.g., from 0◦ to 359◦
with one degree spacing. Gain (squared magnitude) Bq (α) and
correlations Rq (α1 , α2 ) are determined for the selected set of
angles α. With Method 2 we must choose one more parameter
in addition to the beam pattern and dynamic range that were
introduced in Method 1 and the aforementioned frequency
points. The parameter is the threshold value of correlation
coefficient, i.e., the level of acceptable correlation between
frequency responses of beams. Let us define empty set Γ = ∅
of beam directions. The algorithm to find uncorrelated beam
directions is as follows:
1) Find the steering angle αm that provides maximum Bq
and attach it to set Γ of uncorrelated beam directions.
2) Find all steering angles α that have correlation above
a certain threshold, i.e., Rq (αm , α) > threshold. Remove those steering angles and corresponding Bq (α).
3) Go back to 1), and repeat until all steering angles have
been removed. Now the set Γ of uncorrelated beam
directions is complete.
4) Discard those uncorrelated beam direction whose gain
Bq (α) is not within the target dynamic range and
remove them from Γ.
5) Output is the set Γ of uncorrelated beam directions
whose beam gains are within the target dynamic range.
This method considers also propagation delays, instead of
mere PAS. If there are numerous paths grouped in an angular
sector, Method 2 finds beam directions also outside of the local
maxima of Bq . An example of this condition is shown in Fig.
2(b). The assumption of independent random phases across
multipaths is reasonable at sub-THz, since the wavelength
is very short and even a small displacement changes phases
substantially.

Z
Bq (α) =

L

q
Pq (Ω) G(α−Ω)dΩ = Σl=1
Pl,q G(α−Ωl,q ). (2)

Now the number of beams on link q is the number of local
maxima of function Bq (α) that are within certain dynamic
range, i.e., less than X dB below the global maximum of
Bq (α). The dynamic range X is a parameter to be set for this
evaluation. In this work we show results using 10 and 20 dB
values. The setting depends on communication systems related
aspects, e.g., on the target SNR as well as the RF hardware
capabilities [3].
The method of local maxima is simple and somewhat
intuitive. However, it may lead to less optimal conclusions
in specific cases. Some degrees of freedom of the propagation
channel might be lost if, e.g., the paths are grouped in angular
domain such that the beam steered PAS Bq (α) yields a wide
lobe with a single local maximum only. There is an example of
40◦ wide path concentration around 90◦ azimuth with only a
single local maximum in Fig. 2(b). Therefore, we propose also
another, slightly more complex method in the next sub-section,
that considers path delays too.
B. Method 2: Number of uncorrelated beams
In this method we extrapolate the original multipath data
to artificial impulse responses by introducing a random phase
term for each propagation path. The complex directional
impulse response of the propagation channel of link q is
L

q
aq (Ω, τ ) = Σl=1

p
Pl,q eiψl,q δ (Ω − Ωl,q ) δ (τ − τl,q ) , (3)

where i2 = −1 and the phase term ψl,q ∼ Uni(0, 2π). Then
we perform beam steering and get complex impulse responses
per steering angle α as
Z

p
aq (Ω, τ ) G(α − Ω)dΩ
q
Lq
= Σl=1
Pl,q G(α − Ωl,q ) eiψl,q δ (τ − τl,q ) .

hq (α, τ ) =

(4)

R

Rq (α1 , α2 ) = qR

Hq (α1 , f )H̄q (α2 , f )df
,
R
|Hq (α1 , f )|2 df |Hq (α2 , f )|2 df

(5)

C. Method 3: The minimum number of beams for X% power
This method is slightly different to the previous two. Here
we search for the minimum number of beams that can capture
a certain percentage of power available in the propagation
channel1 . The method resembles diversity schemes where
received SNR is maximized using degrees of freedom offered
by the channel. The gain pattern is normalized to maximum
1 Assuming omni-directional antenna in the other link end. Moreover, not
being interested in the absolute power in Watt, we can assume unity transmit
power and use received power and channel gain interchangeably.
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value of unity as G0 (α) = G(α)/max {G(α0 )|α0 ∈ [0, 2π]}.
Steps of the algorithm are:
1) Denote original (squared magnitude) path gains as
prev
Pl,q
and define the empty set Γ = ∅.
2) Find the steering angle αm that provides maximum Bq ,
attach it to the set Γ of selected beam
P directions and
accumulate the total collected power α∈Γ Bq (α).
3) Subtract the power captured by the beam from
the path powers, i.e., determine new path powers
prev
prev
new
Pl,q
= Pl,q
− G0 (αm − Ωl,q ) Pl,q
for all l ∈ Lq .
4) Recompute beam power of eq. (2) for all steering angles
α with the new path gains.
5) Go back to 2) if the accumulated beam power of
selected directions is below the target percentage. Otherwise the set Γ of selected beam directions is complete.
Note, in this algorithm all gain/power values are in linear
units. With this method we do not specify the target dynamic
range of beam powers. Instead the percentage of power to be
collected must be specified. In this work we set it to be 90%.
III. R ESULTS
In this section we show beam number analysis results
of D-band measurement data provided by Aalto University.
Measurements were performed in a shopping mall, an airport,
and an entrance hall at approximately 140 GHz. Measurement
data contains in total 55 links in the three evironments. The
propagation condition is either LOS or obstructed line of sight
(OLOS). OLOS links are denoted in Fig. 3(a) by blue circle.
All components of PADP whose Rx power was below a certain
threshold level above the noise level were cut out. Detailed
description of the measurements and data is given in [5] and
[14].
A. Per link results
The three methods are applied to measured PADPs to
evaluate the number of beams supported by each of 55 links.
The following parameters were used on methods. HPBW is
10◦ , dynamic range either 10 or 20 dB, correlation threshold
0.5, and the target power percentage is 90%. Moreover, the
considered frequency band in Method 2 has centre frequency
143 GHz, bandwidth of 2 GHz, and frequency sample spacing
of 1 MHz.
Beam gains Bq (α) for three LOS links are shown in Figures
1(b) and 2. Also selected beam directions are shown in the
same figures. Method 1, 2, and 3 are denoted with yellow
triangle, violet square, and green star, respectively. In link
number six in Fig. 2(a) the beam selection is evident and all
methods choose the same three beam directions. This is not the
case in figures illustrating Bq (α) of other links. In Fig. 1 there
is low gain scattering distributed in all direction with only two
significant cluster directions. In this case Methods 1 and 2 find
the same two beam directions, while Method 3 yields seven
more beam directions to collect the target 90% of power. In
Fig. 2(b) a notable portion of path gains is distributed over a
sector of approximately 40◦ wide, but B10 (α) has only two
local maxima within the sector. Consequently, Method 1 finds
only two prominent beam direction, while 2 and 3 indicate
three and four directions, respectively.

B. Distribution of beam numbers
In this sub-section we collect beam numbers over all 55 links
and show their distributions. The number of beams identified
using the three methods, labelled in the figure as M1...M3,
and two dynamic ranges, are illustrated in Fig. 3(a). This is
shown as a function of the link identification number. We can
remark that Methods 1 and 2 provide similar beam numbers
with the dynamic range of 10 dB, except on links supporting
highest numbers of beams. In these cases, when the gains are
widely dispersed in angular domain, the local maxima method
tends to yield lower number of beams. This is understandable
observing the example cases of Sub-section III-A.
Corresponding cumulative distribution functions (CDFs) are
depicted in Fig. 3(b). The three links, number 44–46, that
contained no significant propagation paths and resulted in zero
beams, are removed from the CDFs. The median value on
Methods 1 and 2 using 10 dB dynamic range is two beams, and
using Method 3 it is three. Corresponding 90 percentiles are
four, six, and 14 beams. In the case of 20 dB dynamic range
the number of beams inevitably increases, the median beam
numbers are four and six with Method 1 and 2, respectively.
IV. D ISCUSSION
We have proposed three alternative methods to asses the
number of beams that measured PADP of a sub-THz propagation channel supports. Analysed measurement data is from
large to medium size indoor environments, in LOS and OLOS
propagation conditions at about 140 GHz frequency. These
channels support only one beam in 11–42% of cases. Two
beams are supported in 23–29% and three beams in 13–23%
of cases. Four or more beams can be allocated in 14-40%,
depending on the selected evaluation method.
The examples of our study were based on uni-directional
PADP measurements. If data was bi-directional we had at
least two options. Firstly, bi-directional propagation data can
be always reduced to uni-directional PADP by integrating over
angles of the other link end. Secondly, the introduced methods
can be extended to bi-directional by substituting function
Bq (α) by bivariate function Bq (α1 , α2 ), where α1 and α2
denote steering angles of the Rx and Tx, respectively. We
expect that the number of beams in bi-directional case would
increase but the quantity is left for further study.
In a practical system, the number of beams depends on the
signal bandwidth and capabilities of RF transceivers including transmit power and noise. The dynamic range of radio
transceivers will be typically narrower at upper mm-wave
bands and at high bandwidth, and high-order modulations
reduces the possible dynamic range window even further even
if independent sub-arrays will be adopted for each beam. This
supports the rather narrow dynamic range of beam powers used
in this study. An additional concern is availability of independent channels for MIMO for increased spectral efficiency that
is not exactly the same concept as independent beams.
The question of the title is interesting to many who research
and design antennas, beamforming, algorithms, etc. for future
sub-THz communications. The main contribution of this work
is in the proposed methods to address the question. However,
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(a)

(b)

Fig. 1. (a) PADP P19 (Ω, τ ) of link number 19. (b) Path powers, beam power B19 (α), and selected beam directions with different methods. Link 19 corresponds
to Airport Rx1/Tx1, LOS AoA= 52◦ in [14].

(a)

(b)

Fig. 2. Path powers, beam power Bq (α), and selected beam directions with different methods in link 6 (a) and link 10 (b). Link 6 corresponds to Rx1/Tx12,
LOS AoA= 127◦ and link 10 Rx1/Tx16, LOS AoA= 183◦ in [5].

(a)

(b)

Fig. 3. (a) Number of beams in 55 independent links as determined using three methods and two dynamic range values. (b) Cumulative distribution functions
of beam numbers in 55 links using three methods and two dynamic range values.

we gave an approximate answer with the limited data we have
available. In a later phase, with more data from different envi-

ronments and frequencies, a more comprehensive quantitative
answer can be given.
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