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Abstract—Beamforming is an important feature of 60 GHz
communications. We present an analysis of the influence of
beamforming in indoor ultrawideband radio channels measured
in the mm-wave 60 GHz band. The performance of narrowband
and wideband direction-based beamformers is investigated in
terms of improving channel metrics such as the delay spread,
excess delay, and the signal-to-noise ratio (SNR). The perfor-
mance of the direction-based beamformers is compared with
dominant eigenmode transmission and statistical beamforming.
Our analysis reveals that in line-of-sight (LOS) scenarios, the
two direction-based beamformers have a similar performance
that approaches the upper bound set by dominant eigenmode
transmission. In non-LOS (NLOS) scenarios, the direction-based
beamformers show a performance degradation in relation to the
upper bound, with the narrowband beamformer worse off than
the wideband variant. The array gain in our measured NLOS
scenarios is observed to exceed the theoretical upper limit valid
for a rich scattering environment. We show that this result follows
from the spatial structure of the measured NLOS channels that
has only a few strong reflected components. We investigate the
influence of array size on beamforming performance; 5×5 planar
arrays are observed to improve the channel’s delay metrics as
well as the larger 7× 7 planar arrays.

Index Terms—60 GHz communications, beamforming, radio
channel, delay spread, measurements.

I. INTRODUCTION

OVER the years various approaches have been proposed
to overcome the limitations of data transmission speed

imposed by current wireless systems. Recently, the area of
60 GHz communications has attracted significant research
interest as one alternative to overcome spectrum congestion at
lower bands. The universal availability of 7 GHz unlicensed
bandwidth in the 60 GHz band [1] allows the design of
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relatively simple radio transceivers that can support data rates
on the order of several Gbit/s. Standardization activities such
as that of IEEE 802.11 task group ad, to extend the existing
wireless local area network (WLAN) standard to the 60 GHz
band, suggest that indoor WLANs will be one of the main
beneficiaries of 60 GHz communications.

For the same transmit power and antenna gains, the power
received in the 60 GHz band is less than the power received in
the 2/5 GHz bands due to a smaller receive antenna aperture
in the 60 GHz band. Additionally, most materials have a
high penetration loss at 60 GHz compared with lower bands,
leading to a low power of multipath components propagating
through building walls [2]. Furthermore, as the dimensions of
physical objects are typically large in relation to the operating
wavelength, sharp shadow zones are formed in the 60 GHz
band such that diffraction is not a significant propagation
mechanism, a fact also verified experimentally [3]. In view
of these propagation characteristics, the establishment of a
reliable communication link in the 60 GHz band requires
highly directional antennas or steerable antenna beams [4].
While directive antennas are prone to misalignment issues,
steerable antenna beams have the flexibility to be directed
towards the LOS path in a LOS connection, and if the LOS
path is blocked, e.g., by human activity, the beam may be
steered towards a strong first-order reflection in such a NLOS
scenario [4]. Furthermore, the small operating wavelengths
in the 60 GHz band result in small form factor antennas
such that communicating devices may incorporate arrays with
potentially many elements. Real implementations of large
arrays in the 60 GHz band is an area of active research
where issues such as the design of high-frequency feeding
networks and polarization-mismatch are being addressed [5].
A collective consideration of all these factors leads to the
conclusion that beamforming, i.e., electronic steering of the
antenna array patterns to accomplish array gain, is a necessary
feature of 60 GHz communications.

Extensive measurements and analysis of propagation char-
acteristics in the 60 GHz band are required to evaluate
beamforming performance under realistic channel conditions.
Previous work has carried out experimental analysis to in-
vestigate different aspects of 60 GHz channels, see [6],
[7], [8] and references therein. In [6] the authors employ
directional antennas with mechanical steering to investigate
the spatial structure of the propagation channel. In [8] the
authors investigate the effect of antenna directivity on delay
spreads by using a combination of omni- and directional
antennas, and comparing the analysis results with ray tracing.
The applicability of ray-tracing techniques in modeling 60
GHz channels is an active research area. See e.g., [9] and
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references therein. Standardization activities in the 60 GHz
band have so far lead to a channel model for wireless personal
area networks [10] that supports beamforming with some
limitations. Ongoing activity by IEEE 802.11 task group ad,
aims to extend the existing WLAN standard to the 60 GHz
band and provide a generic channel model for evaluation of
system proposals see [11] and references therein.

This work presents an analysis of the influence of beam-
forming in measured indoor ultrawideband radio channels in
the 60 GHz band. Virtual antenna arrays are used in the mea-
surements and beam steering is applied as a post processing
step. The performance of narrowband and wideband direction-
based beamformers is investigated in terms of improving
channel metrics that are important for communications system
design such as the root mean square (RMS) delay spread,
excess delay, and SNR. The performance of the beamformers
is compared with various theoretical bounds. The influence of
array size on the beamforming results is also investigated to
give an idea of practical array sizes sufficient for beamforming.

The remainder of the paper is organized as follows, the
measurement setup and post processing is described in section
II, section III contains the results and discussion. Finally, the
paper is concluded in section IV.

II. MEASUREMENT SETUP AND PROCESSING

A. Scenario

The measurements were performed in a conference/meeting
room located on the 3rd floor of the Department of Radio
Science and Engineering building at Espoo campus of Aalto
University, Finland. During measurements the position of the
RX array remained fixed in one corner of the room, while a
new measurement was recorded by placing the transmit (TX)
array at one of 22 predefined positions located on two table
tops, refer Fig. 1 for a measurement layout. Apart from the
LOS measurements, an NLOS scenario was also measured
at all positions except at A1, B1, and C1 where furniture
placement prevented the NLOS measurement. The measured
NLOS scenarios were created by blocking the first Fresnel-
zone with a laptop screen. The screen was of the dimensions
0.27 m × 0.33 m and was placed at 0.42 m from the initial
element position of the TX array. The shadowing of the direct
path by the laptop screen was verified by investigating the
attenuation of the main peak in the power delay profile; the
level of the main peak was observed to decrease by 16− 17
dB when the screen was in place. Most of the measurements
were performed during the night when there were no other
people in the building, and when measuring during the day
the movement of people was prevented in the vicinity of
the measurement area to maintain a time-static measurement
environment.

B. Equipment

The channel transfer functions were measured with a
vector network analyzer (VNA) based system developed at
SMARAD [12]. The TX power was set to +7 dBm, and
the measured frequency range 61 − 65 GHz was spanned by
1001 equidistantly-spaced frequency tones; this setup gave a
time of arrival (TOA) resolution of 0.25 ns and a maximum

measurable excess delay of 250 ns. At the TX side a 7 × 7
virtual planar array was scanned in the horizontal plane using
a 2-D electromechanical positioner. The TX element was
a vertically polarized biconical antenna (Flann MD249-AA)
with an omnidirectional pattern in azimuth and a nominal
gain of 2 dBi [13]. At the RX side a 7 × 7 virtual planar
array was scanned in the vertical plane using another 2-D
positioner, and a vertically polarized open waveguide as the
RX element. This orientation of the arrays was selected to
model the practical case of transmission from a DVD player or
similar device, placed on the table, to a high-definition display
device placed in the corner of the room. The virtual arrays
at TX and RX had an inter-element spacing of 2 mm such
that the length of one side of the 7 × 7 planar array was 12
mm. The TX antenna when placed on the table surface, had
a height of 1.07 m above the floor whereas the top edge of
the vertically oriented RX array was 1.1 m above the floor.
At each TX position the transfer functions for 2401 (49× 49)
channel combinations were recorded. The measurement SNR
was in the range of 40 − 68 dB where the worst case SNR
values were observed in the NLOS scenarios at the largest
TX-RX separations. Prior to measurements the equipment was
back-to-back calibrated; the response of the VNA, frequency-
converters, and cables/waveguides etc. were then removed
from the measured frequency responses in a post-processing
step, before the analysis.

C. Post Processing

At each TX position the VNA recorded the transfer func-
tion 𝐻 (𝑚,𝑛, 𝑓𝑘), where 𝑚 ∈ [1, 2, . . . ,𝑀 = 49] and 𝑛 ∈
[1, 2, . . . , 𝑁 = 49] represent indices on the RX and TX arrays,
respectively, and 𝑓𝑘 corresponds to frequency at the 𝑘-th
frequency bin, 𝑘 ∈ [1, 2, . . . ,𝐾 = 1001]. The 𝑀×𝑁 channel
transfer matrix at 𝑓𝑘 is written as,

H (𝑓𝑘) = [𝐻 (𝑚,𝑛, 𝑓𝑘)]𝑚=1...𝑀 ;𝑛=1...𝑁 , (1)

where the channel sample 𝐻 (𝑚,𝑛, 𝑓𝑘) lies at the intersection
of the 𝑚-th row and 𝑛-th column of H (𝑓𝑘). For further
processing, the channel matrix measured at each position was
normalized such that E [𝐻 (𝑚,𝑛, 𝑓𝑘)] = 1 after normalization.
The statistical expectation E [⋅] is taken over the full range of
𝑚,𝑛, and 𝑓𝑘 at each position.1

The subsequent beamforming was performed in the fre-
quency domain, thus the results of the analysis are applicable
to the practical case of multicarrier systems. The beamformed
channel at 𝑓𝑘 is written as,

𝐻BF (𝑓𝑘) =
w𝐻 vec {H (𝑓𝑘)}

∥w∥𝐹
, (2)

where (⋅)𝐻 denotes conjugate transpose, the operator vec {⋅}
stacks the columns of its matrix argument on top of each
other, and ∥⋅∥𝐹 denotes the Frobenius norm of its matrix

1Prior to a statistical analysis, the stationarity of channel samples was
validated separately over the spatial regions spanned by the TX and RX
virtual arrays, as well as the measured frequency band. By definition, the
average channel gains observed over a stationary region should have minimal
variations. Practically, the variations were observed to be on the order of 5
dB or less in each domain such that the assumption of stationary channel
samples in all domains is reasonably justified.
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Fig. 1. Scenario and measurement scheme. All dimensions are in meters.

argument. Furthermore, w is the joint TX-RX beamforming
vector written as the column-wise Kronecker product,

w = wTX ⊗wRX, (3)

of the column vectors wTX and wRX that represent beamform-
ing weights at TX and RX, respectively. Note that this is a gen-
eral mathematical formulation, which makes no assumptions
about whether the channel itself has a Kronecker structure or
not. A brief description of the various beamformers considered
in the analysis is provided below.

1) Direction based beamformers: A spatio-temporal beam-
forming was performed to determine the directions at TX and
RX of the strongest path in the channel. For this purpose,
wTX was obtained by vectorizing the array factor matrix
A (𝜃TX, 𝜙TX, 𝑓𝑘) of the TX planar array in response to a
multipath component with azimuth angle 𝜙TX and zenith angle
𝜃TX at TX. The matrix is written as [14],

[A (𝜃TX, 𝜙TX, 𝑓𝑘)]𝑛𝑥,𝑛𝑦
=

exp

{
−𝑗2𝜋𝑓𝑘

(
𝜏 +

〈
u (𝜃TX, 𝜙TX) ,d𝑛𝑥𝑛𝑦

〉
𝑐

)}
, (4)

where 𝑛𝑥 and 𝑛𝑦 are indices of array-element positions
along x- and y- spatial coordinates, respectively, of the hor-
izontally oriented array; u (𝜃TX, 𝜙TX) = sin 𝜃TX cos𝜙TXu𝑥 +
sin 𝜃TX sin𝜙TXu𝑦+0u𝑧 is a unit vector representing the phase
variation for a specific direction of departure of the path;
u𝑥,u𝑦, and u𝑧 are unit vectors along x, y, and z coordinates,
respectively; d𝑛𝑥𝑛𝑦 = 𝑛𝑥𝑑𝑥u𝑥 + 𝑛𝑦𝑑𝑦u𝑦 + 0u𝑧 is a position
vector of the antenna element relative to origin of the array,
and 𝑑𝑥 and 𝑑𝑦 are inter-element spacings along the x- and
y-coordinates. Furthermore, 𝑐 denotes velocity of light and
⟨p,q⟩ represents an inner product of the vectors p and q. In
a similar way, the weight-vector wRX was defined for the RX

side.2 The TOA of the strongest path, 𝜏peak, was determined
as

𝜏peak = argmax
𝜏

{
𝑃ℎ (𝜏)

}
, (5)

where
𝑃ℎ (𝜏) =

1

𝑀𝑁

∑
𝑚

∑
𝑛

∣ℎ (𝑚,𝑛, 𝜏)∣2, (6)

is the average power delay profile (APDP) of the measured
channel; ℎ (𝑚,𝑛, 𝜏) is the channel impulse response obtained
as the inverse Fourier transform of 𝐻 (𝑚,𝑛, 𝑓𝑘). A rectangular
window was applied in the transform as it gives the best
resolution for peak-search purposes.

To create the beamformed channel according to (2) and (3)
the dominant path’s zenith and azimuth angle-pairs at TX and
RX were jointly estimated as,(

𝜃TX,RX, 𝜙TX,RX

)
WB
=

argmax
(𝜃TX,RX,𝜙TX,RX)

∣∣∣∣∣∣
∑
𝑓𝑘

w𝐻 vec {H (𝑓𝑘)}
∥w∥𝐹

⋅

exp (−j2𝜋𝑓𝑘𝜏peak)
∣∣ , (7)

where 𝜃𝑇𝑋,𝑅𝑋 denotes the pair of angles 𝜃𝑇𝑋 , 𝜃𝑅𝑋 and
the subscript ()WB on the set of four estimated angles de-
notes the wideband case, i.e., the summation in (7) is over
the range of 𝑓𝑘 that covers the full measurement band-
width of 4 GHz. When the direction based beamformer
uses

(
𝜃TX,RX, 𝜙TX,RX

)
WB

in constructing the weight-vector

according to (3), the beamformer will subsequently be referred
to as wideband beamformer (WB-BF).

For communications in the 60 GHz band, the RMS delay
spread will typically be small due to strong pathloss for long

2The reference for zenith-angles: 𝜃TX = 0, and 𝜃RX = 0, points towards
the ceiling.
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traveling multipath components, leading to a large coherence
bandwidth. Hence channel samples will be highly correlated
over small bandwidths. With an aim to investigate beam-
forming performance with a limited number of decorrelated
frequency tones; we compare the WB-BF that utilizes the
full bandwidth, with a narrowband beamformer (NB-BF)
characterized by:

1) Calculating the joint weighting vector in (3) once at
the center frequency and using the same vector for
beamforming at all frequencies.

2) Estimating directions of the strongest path according to,(
𝜃TX,RX, 𝜙TX,RX

)
NB
=

argmax
(𝜃TX,RX,𝜙TX,RX)

∣∣∣∣∣∣
∑
𝑓𝑘∈𝑠

w𝐻 vec {H (𝑓𝑘)}
∥w∥𝐹

⋅

exp (−j2𝜋𝑓𝑘𝜏peak)
∣∣ , (8)

where

𝑠 = {𝑓𝑘 : (𝑓𝑐 − 100 MHz) ≤ 𝑓𝑘

≤ (𝑓𝑐 + 100 MHz)} . (9)

The coherence bandwidth observed in our measured NLOS
channels was around 6 MHz leading to 33 decorrelated tones,
on-average, over a span of 200 MHz. For LOS channels the
coherence bandwidth was in excess of 20 MHz leading to
the availability, on-average, of 10 or less decorrelated tones
over the 200 MHz operating bandwidth of the NB-BF. These
coherence bandwidth values were based on analyzing the
normalized (unity peak at zero-lag) frequency correlation func-
tions, and defining decorrelation at a normalized correlation
value of 0.9.

2) Dominant eigenmode transmission: At each frequency
tone a singular value decomposition (SVD) of the channel
matrix was obtained as [15],

H (𝑓𝑘) = UΣV𝐻 . (10)

The column of U and row of V𝐻 that were associated
with the largest singular value of H (𝑓𝑘) were then used as
w𝑅𝑋 and w𝑇𝑋 , respectively, in (3). This scheme, also known
as Dominant eigenmode transmission in the literature, is
optimal in terms of maximizing the SNR [15]. Thus the SVD
beamformer (SVD-BF) upper bounds the SNR improvement
performance of the other beamformers.

3) Statistical eigenvector beamforming: Another variation
of narrowband beamforming was investigated in which the
eigenvectors were obtained from channel statistics rather than
instantaneous channel realizations as was the case for the
SVD-BF discussed above. Specifically, the vectors wTX and
wRX in (3) were defined by the eigenvectors associated
with the largest eigenvalues of the (frequency-averaged) TX
and RX antenna correlation matrices, RTX, NB and RRX, NB,
respectively. These two matrices were in turn estimated as,

R̂TX, NB = (1/𝑠)
∑
𝑓𝑘∈𝑠

H (𝑓𝑘)
𝐻
H (𝑓𝑘), (11)

R̂RX, NB = (1/𝑠)
∑
𝑓𝑘∈𝑠

H (𝑓𝑘)H (𝑓𝑘)
𝐻 , (12)

where the summation is over the index 𝑘 such that 𝑓𝑘 belongs
to the set 𝑠 defined in (9) and 𝑠 denotes cardinality of s. In
the remainder of the paper, this beamforming will be referred
to as TX-EIG RX-EIG BF.

III. RESULTS

A. RMS Delay Spread

The RMS delay spread, 𝜏RMS, is conventionally defined
as the square-root of the second central moment of the
normalized APDP (unity area enclosed by APDP) [16]. This
parameter gives an idea of the self-interference to the received
symbols that is caused by multipath in the channel. For a
multicarrier system, the delay spread gives an idea of the data
rates that can be supported with a given number of carriers.

The delay spread calculations in this work were based on
discarding APDP values below a 30 dB threshold relative
to the main peak of the APDP; given the dynamic range of
40− 68 dB observed in the measured APDPs, this threshold-
value minimizes the influence of measurement noise in the
delay spread calculations. Figs. 2 and 3 show cumulative
distribution functions (CDFs) of the delay spreads for the
measured LOS and NLOS scenarios, respectively. Each figure
shows three families of CDF curves corresponding to the
three array sizes (common for TX and RX) considered in
the investigations; e.g., the family of CDFs labeled 9 × 9
MIMO in the figure correspond to 3 × 3 planar arrays used
at both TX and RX. For the LOS scenarios the measured
RMS delay spreads, with a median value of around 1 ns,
were quite small. The accuracy of measuring these small
values is governed by the well-known limits on resolution of a
filtered measurement system, i.e., the square of the measured
delay spread is the sum of the squares of delay spreads
of the (receive) filter and the channel. The measured delay
spreads were, in general, similar to those reported by IEEE
802.11 task group ad for identical scenarios; see [17] and
references therein. For the LOS scenarios shown in Fig. 2 both
direction based beamformers and the statistical eigenvector
based beamformer exhibited an identical performance that
approached the performance of SVD-BF for larger array
sizes. This behavior follows in part from the large coherence
bandwidth of the LOS scenarios in that the average gain in
performance accomplished by SVD-BF is not significant in
relation to the other beamformers. Additionally, larger array
sizes result in more accurate angle estimates for the direction-
based beamformers and more samples to average for the
antenna correlation matrices leading to better weight vectors
and improved performance for these beamformers at larger
array sizes. The observed RMS delay spreads were around 1
ns or less in 70% of the beamformed LOS channels. For the
NLOS scenarios shown in Fig. 3, the WB-BF outperformed
the NB-BF due to a better estimate of the directions (based on
the full bandwidth) that lead to better beamforming weights.
The differences in performance of the various beamformers
were reduced with increasing array sizes, though most of the
performance improvement was already achieved with the 5×5
arrays. The RMS delay spreads were observed to be around
5 ns or less in 70% of the beamformed NLOS channels.
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TABLE I
CUMULATIVE PROBABILITIES OF THE 10-𝑑B DELAY WINDOW.

Probability Measured Channel NB-BF WB-BF SVD-BF TX-EIG RX-EIG BF
9× 9 25× 25 49× 49 9× 9 25× 25 49× 49 9× 9 25× 25 49× 49 9× 9 25× 25 49× 49 9× 9 25× 25 49× 49

LOS
100% 14.3 14.3 14.3 13.0 0.5 0.5 10.3 0.5 0.5 0.5 0.5 0.5 10.3 0.5 0.5
90% 13 13 12 4.2 0.5 0.5 0.9 0.5 0.5 0.5 0.5 0.5 1.1 0.5 0.5
70% 5.4 5.5 5.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
50% 0.6 0.6 0.6 0.3 0.3 0.3 0.3 0.3 0.3 0.5 0.5 0.5 0.3 0.3 0.3

NLOS
100% 32.8 30.8 30.3 22 28.3 12.5 22 1.5 1.5 0.5 0.5 0.5 27.5 14.8 14.5
90% 30.4 29.5 28.9 15.3 13.4 2.4 10.1 0.9 0.6 0.5 0.5 0.5 22.5 13.4 13.3
70% 28.5 28.1 27.9 5.9 1.4 0.8 2.1 0.5 0.5 0.5 0.5 0.5 15.8 3.9 3.6
50% 25.6 25.6 25.6 2.5 0.7 0.5 0.9 0.5 0.5 0.5 0.5 0.5 11.6 1.4 1.3

Tabulated delay windows are in units of ns. Furthermore, 𝑃 ×𝑄 abbreviates 𝑃 ×𝑄 MIMO.
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B. Excess Delay

The maximum excess delay is conventionally defined as
the runtime difference between the LOS and the longest-
delayed multipath component that is above a predefined noise
threshold. In this work a slightly modified metric based on
window parameters [16] was used; the 10-dB delay window,
𝜏10-dB, was used to gauge the improvement (reduction) in
excess delay effected by beamforming. For a given APDP,
𝜏10-dB was defined as the shortest delay interval of the APDP
such that the power within the interval was 10 dB higher than

the power outside the interval. This definition is intended to
give a quantitative measure of the self-interference caused by
delay dispersion, or the required length of the cyclic prefix of
an orthogonal frequency division multiplexing system [16].3

Furthermore, the 𝜏10-dB metric also provides some insight into
the possible trade-off between the desire to use a small number
of taps in a time domain equalizer and the need to capture
most of the RX signal energy. A similar trade-off applies
to the selection of the number of fingers in a Rake receiver.
Table I lists values of 𝜏10-dB for the measured and beamformed
channels at the median, 70th, 90th, and 100th percentile of the
corresponding data sets. Each column in Table I corresponds
to a unique pair of (beamformed) channel and array size.

From the LOS measurements listed in Table I, it was ob-
served that all beamformers show similar performance; 𝜏10-dB

was minimized to 0.5 ns or less in almost all beamformed
channels, the few occurrences of larger 10-dB delay windows
were only observed when using the 3 × 3 planar arrays.
For measured NLOS scenarios the WB-BF outperformed the
NB-BF and the statistical eigenvector beamformer. As the
latter two beamformers have their weight-vector parameters
estimated from a narrow bandwidth, the parameter estimators
are unable to utilize the larger number of independent samples
made available over the full bandwidth due to the smaller
coherence bandwidth of the NLOS channel. Considering any
single beamformer, the reduction in 𝜏10-dB was not significant
at the 70th percentile when going from 5× 5 arrays to 7× 7
arrays.

C. SNR Improvement

The investigated beamformers provide the link with an array
gain relative to the case of single antennas at both ends of the
link. The SNR improvement (array gain) achieved through
beamforming was defined as,

Δ𝑆𝑁𝑅 = E

[
∣𝐻BF (𝑓𝑘)∣2
1

𝑀𝑁 ∥H (𝑓𝑘)∥2𝐹

]
, (13)

where the expectation is taken over the frequency domain. As
stated previously, the per-tone SVD-BF is the optimal solution
in terms of attaining the theoretical upper-limit on achievable
array gain.

In the measured LOS scenarios, the array gains achieved by
all of the considered beamformers were found to approach the
upper-bound 𝑀𝑁 , valid for a highly correlated channel [18].

3The ratio between the power in the interval and the power outside the
interval is called the interference quotient [16].
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Fig. 4. CDF of SNR improvement in NLOS scenarios. The theoretical upper
bound on array gain for rich scattering is also shown.

The results are not shown here due to space constraints. Fig.
4 shows the SNR improvement achieved by the beamformers
in our measured NLOS channels; the NLOS array gains were

compared with the upper-bound
(√

𝑀 +
√
𝑁
)2

derived in
[18] for a rich scattering environment. One may observe from
the plots in Fig. 4 that the achieved array gains consistently
exceed the rich-scattering limit, thus suggesting that ”rich-
scattering” is not an appropriate description for the measured
NLOS channels.4 The results from Fig. 4 were then verified
by investigating the joint power angular spectrum (distribution
of power over azimuth and zenith jointly at TX and RX) for
some NLOS positions. Fig. 5 shows the joint Capon power
angular spectrum [20] for a typical NLOS measurement from
the campaign. The displayed spectrum is a power-weighted
average of the angular spectra observed at ten strongest peaks
of the NLOS APDP. The relative powers of those delay taps
serve as the averaging-weights for the spectra. Fig. 5 clearly
shows that the measured NLOS channel contains only a few
dominant propagation paths, thus verifying the findings from
Fig. 4 about the lack of rich-scattering. These results point to a
general conclusion that contrary to typical behavior of NLOS
channels at lower bands, NLOS channels in the 60 GHz band
do not exhibit rich-scattering.

IV. SUMMARY AND CONCLUSIONS

This paper presented a beamforming analysis of indoor
ultrawideband radio channels measured in the 60 GHz band.
The performance of narrowband and wideband direction-based
beamformers was investigated in terms of improving channel
metrics such as the RMS delay spread, excess delay, and
SNR at the RX. Comparisons were made with dominant
eigenmode transmission and statistical beamforming based
on eigenvectors of the antenna correlation matrices. Our
analysis revealed that for LOS scenarios, both direction-based

4Recently, random multipath fields were studied as solutions to the wave
equation in an effort to quantify multipath richness [19]. However, a similar
electromagnetic analysis for quantifying multipath richness in the measured
channels is beyond the scope of this letter.
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Fig. 5. Joint Capon spectrum for NLOS measurement at D1. The x-axis
contains the ordered pair (𝜃TX, 𝜙TX) with angle ranges (in degrees): 𝜃TX =
[30:20:90] and 𝜙TX = [-180:20:180]. The latter azimuth range is scanned per
elevation angle. Similarly, the y-axis contains the ordered pair (𝜃RX, 𝜙RX)
with angle ranges: 𝜃RX = [30:20:110] and 𝜙RX = [-90:20:90].

beamformers and the statistical beamformer had a similar
performance that approached the performance of dominant
eigenmode transmission for 5 × 5 or larger array sizes.
The RMS delay spreads observed in all beamformed LOS
channels were around 1 ns or less in 70% of occurrences.
The excess delay, defined for an interference quotient of 10
dB, was 0.5 ns or less. Furthermore, in the measured LOS
channels all beamformers achieved the array gain limit of
𝑀𝑁 valid for a highly correlated channel. For the measured
NLOS scenarios, the direction-based beamformers showed
a performance degradation relative to dominant eigenmode
transmission, with the narrowband beamformer worse off than
the wideband variant. The RMS delay spreads observed in
our beamformed NLOS channels were around 5 ns or less in
70% of occurences. The array gain in our beamformed NLOS
channels was observed to exceed the theoretical upper limit(√

𝑀 +
√
𝑁
)2

valid for a rich scattering environment. We
showed that this result followed from the spatial structure
of the measured 60 GHz NLOS channels that had only a
few strong reflected components. Our analysis thus showed
that rich-scattering is not a valid description for the NLOS
channels measured in the 60 GHz band. We investigated the in-
fluence of array size on beamforming performance and showed
that for improving the channel’s delay metrics 5 × 5 arrays
performed as well as the larger 7×7 arrays, giving an idea of
practical aray sizes sufficient for beamforming. Beamforming
is an important aspect of 60 GHz communications, and our
results are relevant for link budget analysis and inter symbol
interference considerations for systems communicating in the
60 GHz band.
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