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ABSTRACT

High-gain narrow-beam antennas or beam-
formed antenna arrays will likely be used in milli-
meter-wave (mmWave) bands and 5G to mitigate
the high path loss. Since many multipath compo-
nents may be excluded by the narrow beam, the
mmWave radio channel (consisting of the trans-
mit antenna, the propagation channels, and the
receive antenna) strongly depends on the beam-
width, orientation, and shape of the narrow beam.
In this article, a procedure is proposed to measure
and model the channels vs. synthetic beamwidth.
Based on experimental data collected at 60 GHz
in an indoor hallway/lobby scenario, the results
show that the number of multipath components
and the delay dispersion of the channel are signifi-
cantly reduced by the narrow beams. In addition,
the path loss can be decreased by more than 20
dB with an optimized beam-center orientation.
The impact of the study on future 5G mmWave
system design is discussed, including frequency
reuse, antenna design, receiver design, equaliza-
tion, and link budget.

INTRODUCTION

With the explosion of data consumption during
the last two decades, mobile networks suffer from
limited availability of sub-6 GHz spectrum. On
one hand, many new techniques are proposed
to utilize and share the spectrum more efficiently.
In March 2016, the Third Generation Partnership
Project (3GPP) introduced Long Term Evolution
Unlicensed (LTE-U) and LTE Assisted Access (LAA)
in Release 13 to use the unlicensed industrial, sci-
entific, and medical (ISM) bands to increase chan-
nel capacity. However, the increased capacity
is very limited, and interference with other sys-
tems has become a critical issue. On the other
hand, hundreds of times of spectrum in millime-
ter-wave (mmWave) bands are available. Migrat-
ing to mmWave bands is already on the way. In
July 2016, the United States Federal Communi-
cations Commission (FCC) allocated 3.85 GHz of
licensed spectrum near 28, 37, and 39 GHz for
5G mobile networks, and 7 GHz of unlicensed
spectrum from 64-71 GHz that is adjacent to the
existing 57-64 GHz ISM bands.

The radio propagation channel characteristics
in mmWave bands are significantly different from
those in sub-6 GHz bands. Millimeter-wave signals
have high path loss and large Doppler shift. The

first Fresnel zone, which includes more than 98
percent of the propagating energy, becomes very
narrow due to the short wavelengths of mmWave
signals; hence, diffraction is very weak. Reflections
become rich since the dimensions of objects in
real environments are much larger than the wave-
length. Diffraction and scattering in sub-6 GHz
bands will likely become reflections in mmWave
bands. Penetration loss and shadowing loss are
also very high for mmWave signals. To address
these challenges in mmWave channels, research-
ers and engineers from universities, research insti-
tutes, companies, and government are designing
channel measurement equipment, collecting
data, and developing channel models. There are
many leading organizations and projects work-
ing on mmWave and 5G channel models, includ-
ing 3GPP, the International Telecommunication
Union (ITU), the 5G mmWave Channel Model
Alliance established by the National Institute of
Standards and Technology (NIST), IEEE 802.11
working groups, and the New York Universi-
ty Wireless and mmWave Based Mobile Radio
Access Network for 5G Integrated Communica-
tions (MMMAGIC).

The short wavelengths of mmWave signals
enable deployment and integration of massive
multiple-input multiple-output (MIMO) with
dozens or hundreds of antenna elements in the
handset. Therefore, high-gain narrow beams may
be formed and steered in fifth generation (5G)
and next-generation wireless systems. Effects
of omnidirectional, wide-beam directional, and
pencil beams are illustrated in Fig. 1. The brown
dash-dotted circle denotes an omnidirectional
antenna pattern; the red dotted line denotes a
directional antenna pattern with half-power beam-
width (HPBW) of 30°; the blue solid line denotes
a pencil-beam antenna pattern with HPBW of 3°.

The first-generation analog cellular network
used frequency-division multiple access (FDMA).
Time-division MA (TDMA) and code-division MA
(CDMA) were introduced in 2G and 3G. The 4G
LTE employs orthogonal frequency-division MA
(OFDMA). Beam- or space-division MA (BDMA/
SDMA) [1] is being discussed as a candidate
access technique for 5G. Beam-division multiplex-
ing (BDM) and beam-division duplexing (BDD)
are also of great interest. Thus, the channel capac-
ity of 5G may be increased by not only the new
spectrum, but also massive MIMO and beam-divi-
sion techniques.
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Figure 1. Antenna beamwidth impact on reception in a channel. The spacing

on the grey grid is T m.

Traditionally, radio channels are studied with
respect to distance, frequency, bandwidth, and
scenario. As the utilization of high-gain, nar-
row-beam antennas in mmWave and 5G appli-
cations increases, knowledge of radio channels
as a function of beamwidth is more and more
critical. A beam is determined by orientation
of the beam-center, the HPBW and the shape
of the beam. By synthesizing various narrow
beamwidths from an omni-directional mea-
surement, engineers may study the impact of
beamwidth on system design. The number and
amplitude of multipath components (MPCs)
will be affected by the spatial limits of the pen-
cil-beam. Knowledge of channels vs. synthetic
beamwidth is helpful for the next-generation
wireless system antenna design, receiver design,
and network planning.

The motivation of this article is to provide
methods that study the channel with respect
to synthetic beamwidth. The key contributions
include summarizing angle of arrival (AoA) and
angle of departure (AoD) sounding techniques,
defining a synthetic beamwidth technique, and
exploring its usefulness in modeling and design of
spatial wireless systems. The novelty of this study
extends to raising the question of beam-center
selection and proposing four solutions. We pres-
ent measurement results of path gain and root-
mean-square delay spread (RMS-DS) as a function
of synthetic beamwidth, which illustrate the pro-
cedure.

The AoA/AoD measurement techniques are
summarized, and the synthetic beamwidth is
defined. We discuss four methods of choos-
ing the beam center. Empirical results are pre-
sented to quantitatively investigate the effect
of synthetic beamwidth on RMS-DS and the
effect of the choice of beam center on path
gain. The potential impact of channels with
narrow beams is discussed. We then present
our conclusion.

SYNTHETIC BEAMWIDTH

AOA/A0D CHANNEL SOUNDING TECHNIQUES

The AoA/AoD of MPCs can be measured by vir-
tual array, electronic switched array, phased array,
or other techniques. A single antenna (omnidi-
rectional or directional) mounted on a mechani-
cally moved [2] or rotated [3] translating stage is
referred to as a virtual array. Channel snapshots
are recorded dozens of times over the transmit-
ter (TX) or receiver (RX) positions that are linearly
moved or rotated on the translator with an incre-
ment of a fraction of a wavelength. The AoA/AoD
is extracted by comparison of the phase differenc-
es between positions in a local area. Whether the
virtual array is manually or automatically switched,
the mechanical switching time and the time inter-
val between two snapshots are typically on the
order of seconds or more. This method general-
ly measures a non-mobile scenario in which the
channel is stationary (time-invariant) during the full
channel scan. For example, for a virtual array hav-
ing a grid of 30 positions in the X-direction and
30 positions in the perpendicular Y-direction, each
position translation and its corresponding channel
measurement takes 10 s. Thus, the channel needs
to be stationary during 30 x 30 x 10 = 9000 s.
The fastest virtual array sounder reported to date
was designed by the Fraunhofer Heinrich Hertz
Institute [4], which employs a high-speed spinning
table with rotation speed of 625 rotations/min. In
total, 1000 channel impulse responses (CIRs) could
be recorded in a full rotation of 96 ms. The cost of
a virtual array is low, and its calibration is easy.

An electronic switched array has multiple
directional TX and RX antennas that are orient-
ed in different directions. Only one pair of anten-
nas is turned on at a time, and all combinations
of antenna pairs are electronically switched. The
AoA/AoD of an MPC can be extracted by com-
parison of delay and/or amplitude of the MPC
that has arrived at different antennas. A full chan-
nel scan by a switched array can be done within a
fraction of a millisecond depending on the delay
span (maximum length in terms of delay) of the
CIR, switching time, and switch rise time. Short
switch times enable the measurement of high-mo-
bility scenarios.

For example, the NIST 60 GHz sounder has
8 TX antennas and 16 RX antennas. Its CIR delay
span from a single pair of antennas is 1023.5 ns.
Each antenna has an amplifier that is electronically
switched on and off. To avoid errors in estimating
the CIR due to the amplifier’s rise time, two CIRs
are recorded, but only one is used in post-pro-
cessing. A full channel scan takes only 1023.5 ns
x 2 x 8 x 16 =262 ys. Its reciprocal corresponds
to a channel scan update rate of 3816 scans/s,
which can measure a Doppler shift of up to 1908
Hz (based on the Nyquist criterion), correspond-
ing to a TX-RX relative moving speed of approxi-
mately 34 km/h [5].

Phased arrays utilize a large number of antenna
elements working simultaneously. Each element
uses different amplitude and phase values, and
the complex-combined pattern can be formed to
create a high-gain narrow beam. The full channel
scan could be as fast as the electronic switched
array, but might be restricted by the digital signal
processing (DSP) capability and response time.
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Figure 2. Antenna beamwidth vs. synthetic beamwidth.

By changing phase and magnitude coefficients,
the phased array typically has more flexibility in
beamwidth and gain during measurement than
the virtual array and the switched array. It may
also achieve higher dynamic range, but it is often
restricted to a smaller set of scan-angle ranges.
However, the virtual array could achieve such
flexibility in post-processing. In [6], the authors
reported a phased-array channel sounder at 27.85
GHz with 400 MHz bandwidth. Both TX and RX
employ 8 x 2 antenna elements, which form a
beam with vertical HPBW of 22° and horizontal
HPBW of 12°. The minimum sweep time to cover
360° in azimuth is 1.44 ms.

The AoA/AoD can be measured by other
techniques. A 16-feed lens array at 28 GHz fre-
quency with T GHz bandwidth was developed by
Sayeed in [7]. The boresight direction is adjusted
by changing positions of 16 feeds. The lens array
covers scan angles smaller than 180° in both azi-
muth and elevation with better resolution in the
middle. A constant modulus chirp signal modu-
lated by orthogonal frequency-division multiplex-
ing (OFDM) corresponding to 64 tones is used to
measure the channel. A channel scan takes 512 ns.
Delay and angular resolutions are not reported.

After the data are collected by any of the
measurement setups discussed above, the AoA/
AoD of MPCs are extracted in post-processing
by various algorithms. The authors of [8] use the
space-alternating generalized expectation-maxi-
mization (SAGE) algorithm [9], which compares
delay difference at multiple antennas for an indi-
vidual MPC. The Communications Research Cen-
tre Canada (CRC) employs a modified CLEAN
algorithm [10] that is based on an image-process-
ing method. An iterative maximum likelihood esti-
mation scheme, RIMAX, was used in [2] together
with a path detection scheme. Other widely used
algorithms include multiple-signal classification
(MUSIC) and estimating signal parameters via
rotational invariance technique (ESPRIT).

DEFINITION OF SYNTHETIC BEAMWIDTH

As illustrated in Fig. 2, there are three concepts of
beamwidth:
1. Beamwidth of antenna hardware that is used
in channel measurement
2. Synthetic beamwidth employed in channel
modeling
3. Optimized beamwidth of an antenna for a
given radio communication system
Antennas or antenna arrays used in propaga-
tion-channel measurements, whether a virtual
array, switched array, phased array, or other tech-
nique, have certain physical beamwidths. These
can be omnidirectional, or directional with wide
beamwidth or narrow beamwidth.

Euclidian  BP

GBRT

Scan

Geometry and

L Yes Yes
localization info

Requirement
3D strongest

path scanning

LoS Good N/A

No No

Performance
NLoS Bad

pencil beam

Table 1. Pros and cons of four beam centers.

In channel modeling, the AoA/AoD of MPCs
are extracted from measured data in post-pro-
cessing. These angles are randomly scattered in
a large range that depends on the architecture of
the sounder. To study a radio channel with a spe-
cific range of AoA/AoD, a synthetic beamwidth
may be selected to study channel characteristics
only with the MPCs inside that beamwidth, called
a synthetic beamwidth.

Based on knowledge of channels correspond-
ing to the synthetic beamwidth, an optimized
beamwidth could be selected for a practical radio
system, such as a 5G New Radio (NR) node-B
(gNB). The rest of this article focuses on such syn-
thetic beamwidths employed in channel modeling.

SYNTHETIC BEAM PATTERN FILTER

To exclude MPCs outside of the synthetic beam-
width, we can easily utilize a brick-wall filter that
makes the power (or amplitude) of the MPCs out-
side the synthetic beamwidth zero and retains the
original amplitude of the MPCs inside the syn-
thetic beamwidth. However, no practical anten-
na has a beamwidth like a brick-wall filter. Thus,
for realism, we filter the power by an antenna
beam pattern defined by a shape function and its
HPBW. The radiation pattern for a high-gain horn
antenna or a beamforming array could be Gauss-
ian, Cardioid, or other shapes. Scalar-feed horns,
also termed corrugated conical horns, employed
in the NIST channel sounders [11] have a Gauss-
ian pattern. The gain of the 3D Gaussian beam
pattern filter is an exponential function over syn-
thetic HPBW, center of the beam in azimuth and
elevation, and azimuth and elevation angles, as
described in [8, Eq. 31.

CHANNEL MODELING PROCEDURE

Our procedure for studying synthetic beamwidth

consists of the following steps:

1. Sound the channel with any type of antenna
or array (e.g., omnidirectional, wide-beam, or
narrow-beam antennas).

Moderate for wide
synthetic beam; bad for

Yes

No

Good

Good

No

Yes

Good

Very
good
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Figure 3. Center of the beams.

2. Extract AoA/AoD of each MPC.

3. Select beam center in azimuth and elevation.

4. Select a synthetic beamwidth, and generate
a Gaussian (or other shape) pattern with the
selected synthetic HPBW.

5. Exclude the MPCs outside the TX synthetic
beamwidth by weighting the MPC power by
the synthetic beam pattern.

6. Exclude the MPCs outside the RX synthetic
beamwidth by weighting the MPC power by
the synthetic beam pattern

7. Study channel characteristics and develop
corresponding models for the selected syn-
thetic beamwidth and beam centers

8. Select another synthetic beamwidth and
beam center, and repeat steps 3 to 7.

For example, when we analyzed synthetic beam-

widths from 1° to 360° with a 1° increment to

investigate beam centers derived by four meth-
ods, steps 3 to 7 were repeated 1440 times.

STEERING THE BEAM CENTER

The orientation, beam center, of the directional
antenna plays a critical role in the received signal
quality. Estimating AoA/AoD of the strongest path
is important for narrow- or pencil-beam anten-
nas. In this section, we discuss four beam-center
selections for a synthetic beam and compare their
requirements and performance, as listed in Table 1.
Euclidian Direction: The Euclidian direction
utilizes geometry information from the propaga-
tion environment and locations of the TX and RX
to find the direction of the direct path. The Euclid-
ian direction is the straight line between TX and
RX regardless of whether it is in line of sight (LoS)
or non-LoS (NLoS) conditions. It is illustrated as
the blue dash-dotted line in Fig. 3. The narrow
beams of TX and RX steer toward the Euclidian
direction. Its performance will be degraded when
the direct path is obstructed, as shown in Fig. 3.
Direction toward the Break Point (BP): The
black triangle in Fig. 3 is the break point, and the
black dashed lines are the directions toward the
BP. For distances shorter than the BP (RX on the

right of BP), we have an LoS condition. When
the RX is on the left of the BP we have an NLoS
condition. In such a lobby/hallway environment,
the RX beam points along the hallway (parallel
to the walls) toward the BP, while the TX points
toward the BP. In this case, the azimuthal AoA is
a constant of 0° and the azimuthal AoD is 140.2°.
In [12], the authors used the BP and the black
dashed line to calculate the distance between TX
and RX for a log-distance path loss model. This
BP direction is only useful in NLoS conditions.
It requires the geometry information of environ-
ment and locations of TX and RX.

Geometry-Based Reflection Tracking (GBRT):
Based on the geometry of the environment and
locations of TX and RX, we can use the optical
ray-tracing method to find the direction of reflec-
tion. As the green solid line illustrates in Fig. 3,
the reflection by the wall at the top of the figure
is calculated and used as the beam center. This
direction could also be extended to track dou-
ble-bounce or multi-bounce MPCs. The wall at the
bottom of the hallway in the figure has a rough
surface. The GBRT method employed in this arti-
cle does not consider surface roughness.

Scanning and Tracking the Strongest Direc-
tion: The three methods described above all require
knowledge of the geometry of the environment and
location information of the TX and RX, which may
not be available to the real radio system. An alter-
native method for steering the beams is to scan the
channel in three dimensions and find the strongest
direction in real time. This direction is, ideally, very
similar to the GBRT direction, shown by the green
solid line in Fig. 3 for the given TX and RX positions.
Such scanning costs power, time, and computation-
al resources in both the TX and the RX.

EXPERIMENTAL RESULTS: CHANNEL
CHARACTERISTICS VS. SYNTHETIC BEAMWIDTH

Experimental data were collected in the Katharine
Blodgett Gebbie building on the NIST Boulder
Laboratories campus. The map and coordinates
are depicted in Fig. 1. The width of the hallway is
4 m. The lobby is 13 x 13 m. The TX was at the
origin (0, 0), and the RX moved along a straight
line from (0, 7) to (=24, 7) units in meters. The
TX height was 2.5 m, and the RX height was 1.6
m. The direct path was available when the TX-RX
distance ranged from 7.1 to 13 m. From 13 to
19 m, single-reflection (by the wall on the top of
Fig. 1) was the dominant path. From 19 to 25 m,
double-reflection (first by the top wall and then
by the wall on the bottom of the hallway) was
the dominant path. A detailed description of the
scenario and test method was presented in [8].
Our channel sounder hardware is calibrated using
a back-to-back procedure using predistortion fil-
ters [5]. Calibrations of frequency drift and phase
noise are in process. Detailed information on the
sounder design, calibration, performance evalua-
tion, and data processing are provided in [5, 11].
The channel measurement system utilizes a
pseudorandom (PN) sequence with length of
2047 bits. The bit rate is 2 Gb/s, which corre-
sponds to a delay resolution of 0.5 ns. The center
frequency is 60.5 GHz. Scalar-feed horns have
18.1 dBi gain and 22.5° HPBW in both azimuth
and elevation. The transmitted power is 20 dBm.
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As described earlier, 8 TX antennas and 16 RX
antennas are electronically switched to cover
180° at TX and 360° at RX in azimuth and 90° in
elevation. Dozens to over 100 MPCs are extract-
ed by the SAGE algorithm for a full channel scan.
Each MPC is described by power, delay, AoA, and
AoD in azimuth and elevation. The AoA (AoD) of
the MPCs are extracted by comparing the delay
difference of the signal received (transmitted) by
five adjacent antennas using the SAGE algorithm.
The angular resolution is 1°. Based on a compar-
ison with geometry of the environment, the error
of the angular estimation is approximately 2° [8].

DELAY DISPERSION VS. SYNTHETIC BEAMWIDTH

The experimental RMS-DS value changes with the
synthetic beamwidths are presented in this subsec-
tion. The AoA and AoD in azimuth and elevation
of the strongest MPC, based on the results from
step 2 earlier, are used as the beam centers, as
determined by the scanning method. An example
of azimuth AoA beam center over distance results
was provided in [8]. From the channel modeling
procedure provided earlier, the power of each
MPC is changed by a Gaussian beam pattern filter
based on the AoA/AoD of the MPC. The RMS-DS
is calculated from the power and delay of MPCs
with power above a multipath threshold of 25 dB
relative to the strongest MPC [8]. The RMS-DS
is estimated over synthetic beamwidths ranging
from 1° to 360° with an increment of 1°.

Results are shown in Fig. 4. For clarity, only
RMS-DS results with synthetic beamwidths of 360°,
30°, 15°, and 3° are shown. The corresponding
maximum RMS-DS values are 14.9, 6.7, 6.0, and
1.4 ns, and the median RMS-DS values are 3.6,
0.2, 0.1, and 0.02 ns. The RMS-DS values for syn-
thetic beamwidths of 30° and 15° are higher in
the single-reflection region than in the LoS region.
This is because the direct path in the LoS region
was obstructed in the single-bounce region. How-
ever, this is not observed for a beamwidth of 3°.
This is because the reflections from the top wall
of the hallway are a cluster of MPCs due to wall
roughness. The angles of these MPCs are scattered
a few degrees apart. These MPCs are likely partial-
ly excluded by the 3° beamwidth. This is illustrat-
ed by a 3D plot of azimuthal AoA vs. distance vs.
power provided in [8]. The RMS-DS results for all
synthetic beamwidth values increased when enter-
ing the double-bounce region, as expected. In [13],
RMS-DS results measured by an omnidirectional
antenna and a horn antenna show a similar trend
of decreasing RMS-DS with beamwidth.

CHOICE OF BEAM CENTERS VS. PATH GAIN

Path gain was computed with the total power of
all MPC:s filtered by the Gaussian beam pattern.
An example of results of path gain over distance
with synthetic beamwidth of 30? is depicted in Fig.
5 illustrating the difference in path gain when the
beam center was derived in four ways. The scan-
ning method always achieves the largest path gain
for all distances. The path gains for the Euclidian
and GBRT methods in the LoS region are identi-
cal, and very similar to the scanning method. In
NLoS conditions, the scanning and GBRT pro-
vide channels having higher path gains than the
other two methods, and the BP is slightly better
than the Euclidian. The difference between the
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Figure 4. RMS-DS (log scale) and synthetic beam-
width vs. distance. For clarity, any RMS-DS val-
ues smaller than 0.1 ns are set to 0.1 ns.
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Figure 5. Path gain vs. distance (log scale) for the
four beam center algorithms with a synthetic
beamwidth of 30°. FSPG denotes free-space
path gain.

scanning and GBRT in the single-bounce region is,
on average, 1.3 dB with a maximum value of 4.7
dB. Their difference in the double-bounce region
increases to 2.2 (average) and 5.7 (max) dB. The
difference is due to factors such as angular esti-
mation errors that are smaller than 2°, and inac-
curate geometry information of the environment
and roughness of the wall surface.

Path gain results for other synthetic beamwidth
values were also investigated. Path gain results are
identical for four beam center choices when the
beamwidths are close to 360°, and the difference
between center choices increases as the synthet-
ic beamwidth decreases. For beamwidths smaller
than 10°, the Euclidian/GBRT methods have path
gains smaller than the scanning methods in the LoS
condition. Again, this is due to angular estimation
errors and inaccurate geometry information. For a
synthetic beamwidth of 5°, the path gain difference
between the Euclidian/GBRT and scanning meth-
ods is, on average, 9.1 dB with a maximum value
of 23.4 dB. This indicates that, for narrow beam-
width, significant loss in path gain may be expect-
ed for only minor orientation errors, which is also
observed in the measurement reported in [13].

SYNTHETIC BEAMWIDTH EFFECTS ON
OTHER CHANNEL CHARACTERISTICS

Other channel characteristics are affected by
beamwidth. Small-scale fading introduces deep
nulls in both the time and frequency domains that

The beamwidth will
impact future wireless
system design and
many aspects of system
performance. For exam-
ple, using the tech-
niques presented here
in practical next-gen-
eration radio-system
design, an optimized
beamwidth and bore-
sight center could be
selected based on the
requirements and sce-
narios for the system’s
antennas or beamform-
ing arrays.
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reduce the availability of signals at the receivers.
The magnitude of fading is expected to decrease
with fewer MPCs due to narrower beamwidths.
Inter-frequency cross-correlation that evaluates
interference between in-band carriers is also
expected to change over the beamwidth.

Since BDMA/BDM/BDD may be used in
next-generation wireless systems, the interfer-
ence between beams needs to be evaluated.
Such interference can be evaluated by cross-cor-
relation between signal strength of two beams
(e.g., the direct path and wall reflection), where
the signal strength is complex combined by all
MPCs within the synthetic beamwidth. Hence,
the inter-beam interference is a function of syn-
thetic beamwidth and separation between the
center of the beams.

Additionally, in antenna array design, the gain
of each antenna element and spatial separation
between elements is likely positively correlated.
Their trade-off could be investigated by synthetic
beamwidth and corresponding spatial correlation.

IMPACT AND APPLICATIONS

The mmWave channels created by the use of var-
ious synthetic beamwidths have been discussed
in previous sections. As illustrated in these results,
the beamwidth will impact future wireless system
design and many aspects of system performance.
For example, using the techniques presented here
in practical next-generation radio system design,
an optimized beamwidth and boresight center
could be selected based on the requirements
and scenarios for the system’s antennas or beam-
forming arrays. Potential interference between
adjacent beams (users) could then be estimated.
These techniques will also be helpful for BDMA/
BDM/BDD or multi-user MIMO (MU-MIMO)
design.

Moreover, as the number of MPCs is
decreased when employing narrow-beam anten-
nas, delay dispersion and hence inter-symbol
interference (ISI) are significantly mitigated.
Consequentially, achieving a faster symbol rate
may be possible. Many techniques used at the
RX to mitigate multipath may no longer be nec-
essary, including the Rake receiver and equal-
ization. The overhead due to the cyclic prefix
used in OFDM could be eliminated. One of the
significant advantages of OFDM is dividing a
wideband channel into multiple flat-fading nar-
rowband channels to avoid frequency-selective
fading and ISI. With narrow-beam antennas, use
of OFDM with its high peak-average power ratio
may be reconsidered.

The narrowband small-scale fading in both the
time domain and frequency domain is expect-
ed to be much milder with a reduced number of
MPCs. The short link range in mmWave bands
due to high path loss is compensated for by both
high antenna gain and mild fading. The ping-pong
handover issue at the edge of cells could also be
improved. The accuracy of localization might be
improved by both narrow angles and less fluctu-
ating RX power levels. Spatial diversity and cyclic
delay diversity (CDD) used in LTE networks may
not be needed.

Finally, both inter- and intra-frequency interfer-
ence could be reduced by narrow beams, which
improves the frequency reuse factor in cellular

networks, increasing capacity and spectrum effi-
ciency. Comprehensive knowledge of channels
vs. synthetic beamwidth provides quantitative
estimation for system designers to address these
issues.

CONCLUSION

In this article, we define a synthetic beamwidth
technique that may be used for channel mod-
eling. The method is distinct from the antenna
beamwidth employed in channel sounding and
practical radio systems. A Gaussian beam pattern
as a function of the synthetic HPBW and beam
centers were defined to filter the MPCs outside
the selected synthetic beamwidth. Selection of
the beam centers is discussed. The AoA/AoD
channel sounding techniques are summarized. A
procedure describing how to sound and model
channels vs. synthetic beamwidth is presented.
The potential impact of the narrow-beam chan-
nel knowledge on future radio system design is
discussed including frequency reuse, link budget,
equalization, and BDMA.

We present measurement results at 60 GHz in
a hallway/lobby environment that illustrate the sig-
nificance of considering synthetic beamwidth and
validate the proposed methodology. The RMS-DS
decreased dramatically from 15 ns to almost 1.4
ns (maximum values) as the synthetic beamwidth
decreased from 360° to 3°. Optimized beam cen-
ter selection achieved up to over 20 dB path gain
as compared to other center selection methods
with 30° beamwidth. Future work includes anal-
ysis of small-scale fading, inter-frequency correla-
tion, inter-beam correlation, and other channel
characteristics vs. synthetic beamwidth.
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