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Abstract—In this paper, we conduct ray-tracing simulation
studies using WinProp tool to understand the path loss, coverage
area, diversity and delay spread of the 29GHz band in the
indoor propagation environment, and compare the 29GHz indoor
channel to the 2.9GHz indoor channel. In addition, we compare
our simulation results with the measurement data from [4].

Based on our simulation results, we conclude that the 29GHz
band has similar indoor channel characteristics as 2.9GHz and
that any inherent impairment of the mmWave due to higher
carrier frequency can easily compensated with beam forming
techniques and other advanced algorithms. Specifically, our
results show that the path loss exponents and the RMS delay
spread values are similar at 29GHz and at 2.9GHz. In addition,
our simulation results show that by having multiple access points
on an office floor, we can significantly improve important diversity
metrics such as the number of detectable beams and the angular
separation of those beams, so as to make 29GHz system using
beam forming technique more robust against beam blockage.

I. INTRODUCTION

There has been an increased growth in indoor data con-
sumption over the past decade in both enterprise and residential
scenarios. Applications like on-demand HD video, instanta-
neous cloud sync, HQ video chats etc. all increase the demand
for very high throughput links in indoor scenarios. In enterprise
scenarios, there is also an additional need for always on data
and connectivity to the cloud while being not tethered to the
Ethernet. While a natural approach is to install more small-
cells or APs, the performance does not linearly increase with
the increased number of base stations due to the inter base-
station interference. There have been a few MIMO approaches
that have been suggested to manage this interference, but the
gains are not very significant.

Recently, there has been a lot of development and activity
on using the millimeter wave (MMW) bands for data access
to smart devices. The promise of much larger bandwidths (1.3
GHz at 28 GHz band, 1.4 GHz at 39 GHz band and over 7
GHz at 60 GHz band) have led to many considering these
MMW bands to support the very high demand indoor and
outdoor use cases such as video streaming. A key benefit is
that the beamforming that is possible at these high frequencies
also inherently reduces the inter-base station interference and
allows for much better spatial reuse.

While the device complexity and cost are some of the
main concerns with the use of the MMW band, the primary
concern is indeed the propagation of EM waves at these
frequencies. The wireless propagation is less likely to diffract
around obstacles or penetrate through typical indoor materials
at these MMW bands as compared to the lower frequencies. In
this paper, we consider the ray tracing approach to study the
indoor propagation at 29 and 2.9 GHz bands. We model a floor
of our office building and simulate the wireless propagation
through ray tracing. The modeling includes the main structural

components but does not model the small objects, furniture
and people. We generate the coverage and channel statistics
results and finally compare them with actual measurements in
the same office floor as [4]. Our main contributions are as
follows:

A. Main Contributions

1) Our simulation results indicate that in the indoor
channel, the path loss of 29GHz mmWave signal and
that of 2.9GHz signal are similar and the higher path
loss of 29GHz signal can easily be compensated by
using more antennas and beam forming at 29GHz
carrier frequency. The path loss exponents are 2.9 and
3.0 for 2.9GHz and 29GHz, respectively, for short Tx-
Rx separation distances (< 10m), and 5.8 and 6.2 for
longer Tx-Rx separation distances (> 10m).

2) In addition, delay spread is also similar for 29GHz
and for 2.9GHz (around 10ns for both), implying the
coherence bandwidth characteristic is similar for two
bands.

3) Our results also show that by placing multiple ac-
cess points, the number of beams can be increased
by factor of four on the median, and the angular
separation between beams can be increased by 25◦
on the median.

II. RELATED WORK

Measurement results of the indoor 60GHz channel are
reported in [9], [11], [6]. [9] was able to match the received
beams with propagation paths, showing that ray-tracing can
be used to predict the angle of arrival and the power of the
received beams. [11] reports that the RMS delay spread is
of the same order as we report in this work, and that 60
GHz system can still work in many cases, when the strongest
path is blocked. [6] report that the 60GHz channel between
transmitter and receiver consists mostly of the LOS path and
the signal paths of the first and second order reflections, and
that the transmitter and the receiver antennas must be correctly
polarized to maintain a good link. In addition, [5], [7] studied
the reflection and transmission properties of indoor building
materials that are useful in building the indoor simulation
environment.

[3], [4] contain results of indoor 28/29GHz measurement
campaigns. The path loss exponents reported in [3] (1.43 for
LOS and 2.68 for NLOS) are substantially different from here
and in [4]; the indoor measurements in [3] are done over
multiple floors in a shopping mall like environment. However,
RMS delay and angular spread as reported in [3] are similar
to our values. [8], [10], [2] discuss outdoor 28GHz channel
environment. The discrepancy between measured RMS delay
spread [8], [2] and the simulated RMS delay spread [10]
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Fig. 1. Map of the simulated indoor floor. The locations of access points are
indicated with red dots.

is similar to the discrepancy between the measured and the
simulated we report in this paper - the measured indoor RMS
delay is much larger than the simulated; the difference between
simulated RMS delay and measured RMS delay suggests that
it is difficult to predict the RMS delay through simulations,
likely because simulation can not model all the small objects
found in the real world that become more reflective at high
carrier frequency.

III. COVERAGE AND PATH LOSS RESULTS

WinProp channel simulation was performed on the fourth
floor of our corporate building, which is a typical corporate
office space as shown in Figure 1. The office environment
mostly consists of office rooms and conference rooms. We
study the channel both at 29GHz and at 2.9GHz. The path
loss was computed using omni-directional antennas both at
the transmitter and receiver, and we have measurement data
from [4] with which we can compare our simulated path loss
data. We simulate the case where we have a single access
point and multiple access points spread through the floor. The
access points are set at the height of 2.5m and the UE/receiver
locations are set at the height of 1.5m. The relative dielectric
constants used in the simulations are 4 for wall, 5 for glass
and 1.7 for wood. The inner walls are made of two layers of
material of total thickness of 15cm. We only model building
structures such as walls, columns, stairs and elevator shafts;
humans and furniture and other non-structural objects are
not modeled. Details of how WinProp simulates reflections,
diffractions, and scattering can be found in [1].

The simulated path loss data at 29GHz and 2.9GHz are
shown in Figures 2 and 3 (with only AP 1 active). The path loss
shown in the figures is in reference to path loss at d0 = 1m Tx-
Rx separation distance. The path loss at 1m distance is 41.7dB
at 2.9GHz and 61.7dB at 29GHz. [4] uses the following two
piece-wise linear log-linear models to model the path loss vs.
distance relationship. For distances d < dt = 10m, the sample
data is fit to the following log-linear model:

PL(d)[dB] = PL(d0)[dB] + β10 log10(d/d0) + X (1)

where X is a random variable with normal distribution
N (0, σ2). For distances d ≥ dt = 10m, the following log-
linear model is used to fit the sample data:

PL1(d)[dB] = PL(dt)[dB] + β110 log10(d/dt) + X1 (2)

Simulation Data Measurement Data
2.9GHz 29GHz 2.9GHz 29GHz

β 2.92137 3.01492 2.2 2.6
σ 6.7524 7.1832 1.94 5.75
β1 5.81307 6.18131 4.9 5.2
σ1 25.357 24.0624 5.8 7.55

TABLE I. PARAMETERS FOR THE LOG-LINEAR MODELS IN EQS. (1)
AND (2) OBTAINED USING SIMULATION DATA IN THIS PAPER AND

PARAMETERS OBTAINED BY [4] USING THEIR MEASUREMENT DATA.
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Simulated
Least Square Fit (<10m, PLE=3.01492, σ=7.1832dB)
Least Square Fit (≥10m, PLE=6.18131, σ=24.0624dB)

Fig. 2. Simulated path loss at 29GHz. The points corresponding to path loss
of -80dB or greater (with reference to 1m) correspond to light green to blue
areas in Figure 6.

where X1 is a random variable with normal distribution
N (0, σ2

1). To make the piece-wise linear models continuous,
PL1(dt)[dB] = PL(dt)[dB].

The values we obtain for β, β1, σ, and σ1 for 2.9GHz and
29GHz using simulation data are shown in Table I. In addition,
we show in Table I the log-linear model parameters that [4]
obtained by using their measurement data. The table shows
that the log-linear model obtained using our simulation data
over estimates the path loss exponent with greater variance
(larger σ and σ2). The standard deviation of the log normal
shadowing variable in the path loss plot in Figures 2 and
3 exhibit dependency on the Tx-Rx separation distance. In
Figure 4, we plot the standard deviation of the log normal
shadowing using a sliding window of 5m vs. Tx-Rx separation
distance, and the linear fit of the data using least squares fit;
the linear fit indicates that the σ of the log normal shadowing
random variable increases linearly with the Tx-Rx distance.
For 29GHz, the linear fit is:

σ(dB) = 0.5103 × Tx-Rx Distance (m) + 6.6318(dB). (3)

For 2.9GHz, the linear fit is:

σ(dB) = 0.6417 × Tx-Rx Distance (m) + 4.1988(dB). (4)

Figure 5 shows the CDF of received signal power at 29GHz
with AP 1 active and with all AP’s active. The received signal
power is computed using omni-directional transmit and receive
antennas. Figures 6 and 7 show the map of the received signal
power on the simulated map. Note that when all AP’s are
active, the receiver would connect to the AP with the strongest
received signal, and because of this, the received power when
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Simulated
Least Square Fit (<10m, PLE=2.92137, σ=6.7524dB)
Least Square Fit (≥10m, PLE=5.81307, σ=25.357dB)

Fig. 3. Simulated path loss at 2.9GHz.
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Fig. 4. Standard deviation of the log normal shadowing random variable (X
in Eqs. 1 and 2) using a sliding window of 5m vs. Tx-Rx separation distance,
and the linear fit of the data using least squares fit.
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29GHz − Only AP1 Active
29GHz − All AP’s Active

Fig. 5. Received signal power collected with omni-directional antenna when
only AP 1 is active and with all AP’s active. Note that when all AP’s are active,
the receiver would connect to the AP with the strongest received signal, and
because of this, the received power when all AP’s are active is about 40dB
greater than when only AP 1 is active on the median.

Fig. 6. Received power map of 29GHz when only AP 1 is active.

Fig. 7. Received power map of 29GHz when all AP’s are active. Red:
power<-90dBm, yellow: -90dBm≤power<-80dBm, green: -80dBm≤ power
<-70dBm, blue: -70dBm≤ power <-60dBm, magenta: -60dBm≤power.

all AP’s are active is about 40dB greater than when only AP
1 is active on the median.

IV. BEAM DIVERSITY

The short wavelength of 29GHz allows transmit and receive
beam forming techniques to be used to improve the received
signal quality. Beam forming concentrates the signal energy
onto a particular propagation path; however, if the propagation
path gets blocked by an object, the transmitter and the receiver
must switch to a different propagation path to maintain the
link. Hence, the availability and the quality of a secondary
propagation path/beam are important properties to consider
for 29GHz system. In this section, we study the number of
useful clusters (beams) and the quality of those beams (power
and angular separations) at 29GHz with single AP and with
multiple AP’s. Our minimum target is to support 200Mbps or
higher in the 500MHz bandwidth at 29GHz; we assume that a
practical indoor 29GHz system would be equipped as shown
in the link budget Table II. Hence, using the table, we calculate
that our maximum target path loss of 143dB.

A. Cluster Count

Figure 8 shows the CDF of the number of clusters/beams
seen by a receiver with the access point 1 or with all access
points active at 29GHz. For when only one access point is
active, two beams are considered distinct if their angular sep-
aration is 10◦ or more, either in azimuth or elevation, and the
beam power is such that the path loss is at maximum 143dB.



Operating Frequency (GHz) 29

Transmitter Parameters

Total Tx Power (dBm) 25
Number of Antennas 32 (16 × 2 planar array)

Array Gain (dB) 15.05
Per Elem. Antenna Gain (dB) 15

Total Antenna Array Inefficiency Loss (dB) 3
Net Transmit Antenna Array Gain (dB) 27.05

Total EIRP (dBm) 52.05
dBm per Element 9.95

Receiver Parameters

Total Operating Bandwidth (MHz) 500
Noise Figure (dB) 11

Thermal Noise Power (dBm) -87
Receive Antenna Gain (dB) 15
Rx Digital Inefficiency (dB) 5
Target Operating SNR (dB) -5

Target Effective Data Rate (Mbps) 198.20

Maximum Supportable Pathloss(dB) 143.05

TABLE II. LINK BUDGET PARAMETERS - THE MAXIMUM PATH LOSS

IS 143.05 DB IN ORDER TO SUPPORT 200MBPS OR HIGHER.
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AP1 Active
All AP’s Active
AP1 Active (Conditioned on at least one beam being detected)

Fig. 8. CDF of the number of clusters seen by a receiver with either access
point 1 or with all access points active.

When all access points are active, the receiver considers two
beams to be distinct if the beams are separated by at least 10◦,
either in azimuth or elevation, with path loss of at most 143dB,
regardless of which access points the beams come from. Figure
9 shows the number of beams detected by the UE when only
access point 1 is active, and Figure 10 shows the number of
beams seen at various locations when all access points are
active. The figures show that the number of beams seen by
a receiver can be increased by a factor of five on median by
having a reasonable number of access points placed on an
office floor.

B. Beam Power

Figure 11 shows the CDF of the received power of the
strongest beam the UE would detect when only access point 1
is active or when all access points are active. The figure shows
that on median, there is 20dB increase in the strongest beam
power when all access points are active. In Figure 12, we plot
the CDF of the power fraction of the second strongest beam

Fig. 9. Map of the number of clusters seen by a receiver in the vicinity of
access point 1. Green: 1 or 2, yellow: between 3 and 7, blue: between 8 and
12, and red: 13 or more beams. White space = no detectable beams.

Fig. 10. Map of cluster count with all access points active. Green ’+’: 2 or
fewer beams, yellow ’*’: between 3 and 7, blue squares: between 8 and 12,
and red ’o’: 13 or more beams.

to the most strongest beam. We define the power fraction as

RX power of 2ndstrongest beam
Sum RX power of 1st and 2nd strongest beams

.

We see that the power fraction does not change with the
increase in the number of active access points.

C. Angle of Arrival

Figure 13 shows the CDF of the angle of arrival (AOA) an-
gular difference between the strongest and the second strongest
beams, with one access point or with all access points active.
Larger angular separation is desirable since this would make
having two beams blocked at the same time less likely. The
figure shows that by increasing the number of active access
points, the angular difference between the strongest and the
second strongest beams increases by about 24◦ for 29GHz
system.

D. Comparison against Measurement

Lastly, we compare our simulation results with results
from spherical scan measurements at 29GHz of the indoor
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Fig. 11. CDF of the strongest beam from access point 1 alone or from any
one of the five access points.
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Fig. 12. CDF of the second strongest beam as fraction of the combined
powers of the strongest and the second strongest beams.
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Fig. 13. CDF of angular difference between strongest and second strongest
beams
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29GHz

Fig. 14. CDF of the second strongest measured beam as fraction of the
combined powers of the strongest and the second strongest measured beams.
Measurement results taken from [4].

channel from [4]. The measurement campaign in [4] used
one channel sounding transmitter and used one receiver to
measure the channel at various locations on the map shown
in Figure 1. We obtained 14 spherical scan measurements in
[4] and analyzed the results to obtain the cluster counts, power
fraction of the strongest and the second strongest beams and
the angular separations between them. Out of the 14 scans, 6
scans had exactly two beams/clusters (43%) and the rest had
3 or more beams. Comparing against the conditional CDF of
the cluster count when only one AP is active in Figure 8, we
see that our simulation over predicts the cluster count. Figure
14 shows the CDF of the second strongest measured beam
as fraction of the combined powers of the strongest and the
second strongest measured beams; compare the measurement
results with the CDF shown in Figure 12, and note that on
median, the second strongest beam is 0.25 of the combined
power in simulations and 0.3 in measurements. Figure 15
shows the measured angular difference between the strongest
and the second strongest beams. In conclusion, the simulation
predicts more beams that are closer, but measurement results
show fewer beams that are spaced farther apart.

V. DELAY SPREAD

Figure 16 shows the CDF of RMS delay spread at 2.9GHz
and 29GHz with either access point 1 or all access points
active. The RMS delay is computed with omni-directional
transmit and receive antennas. The plot shows that the RMS
delay spread is less than 10ns on median for both 2.9GHz
and 29GHz. The map in Figure 17 shows the RMS delay
values at various receiver locations when all AP’s are active.
Our simulation data shows that RMS delays are about the
same on median for both 29GHz and 2.9GHz. The measured
RMS delay spread (measured with omni-directional antennas)
from [4] for 29GHz is about on average 10% smaller than
at 2.9GHz, as shown in Table III and included here for
comparison purposes. The measurement data shows that RMS
delay is about 3 to 5 times larger than the simulated RMS
delay values. The discrepancy between simulation data here
and measurement data from [4] is consistent with the dis-
crepancy between outdoor simulation data in [10] and outdoor
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Fig. 15. CDF of the measured angular difference between the strongest and
the second strongest beams. Measurement results taken from [4].
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Fig. 16. CDF of RMS delay. The CDF shows that on median, RMS delay
is less than 10ns in indoors.

measurement data in [2] in that measurement data shows much
larger delay spread; the possible reason for discrepancy could
be that real channel environment contains many more reflective
and scattering small objects that our simulation model can not
model.
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