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Abstract—The lower VHF band has potential for low-power,
short-range communications, as well as for geolocation applica-
tions, in both indoor and urban environments. Most prior work at
low VHF focuses on longer range path loss modeling, often with
one node elevated. In this paper, we study indoor/outdoor near-
ground scenarios through experiments and electromagnetic wave
propagation simulations. These include the effects of indoor pen-
etration through walls and obstacles, as well as indoor/outdoor
cases, for both line of sight (LoS) and nonLoS (NLoS), at ranges
up to 200 m. Mounting our receiver (Rx) on a robotic plat-
form enabled the collection of thousands of measurements over
an extended indoor/outdoor test area. We measure the channel
transfer function, employing bandpass waveform sampling, with
pulse and tone probe signals. Based on statistical tests, we show
that the measured channels have a nearly ideal scalar attenua-
tion and delay transfer function, with minimal phase distortion,
and little to no evidence of multipath propagation. Compared with
higher VHF and above, the measured short-range VHF channels
do not exhibit small-scale fading, which simplifies communica-
tions Rx signal processing, and enables phase-based geolocation
techniques.

Index Terms—Channel phase distortion, indoor/outdoor propa-
gation measurements, lower VHF band, near-ground propagation,
path loss, transfer function measurements, wireless channel char-
acterization.

I. INTRODUCTION

R ELIABLE wireless communication is of paramount
importance for many important civilian and military

applications. In challenging environments such as urban
canyons and indoor settings, achieving a reliable communica-
tions link minimally impeded by scatterers is extremely chal-
lenging. In recent years, rapid global urbanization and the ever
increasing need for reliable communications in emergency and
tactical applications [1], [2] has necessitated reliable commu-
nications paradigms for such environments to support humans
and autonomous agents, enabling communications, sensing,
real-time positioning, and tracking [3], [4].
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State-of-the-art communication systems that operate in the
upper VHF through microwave bands suffer from significant
attenuation and small-scale fading, as well as phase distor-
tion, caused by high levels of multipath [5], [6]. In a complex
environment at these frequencies, without line of sight (LoS),
multipath propagation is the dominant signal source between
a transmitter (Tx) and a receiver (Rx), whereas the direct path
signal is often extremely weak due to penetration loss. Major
efforts have been devoted over many decades to design sophis-
ticated multipath mitigation techniques, incorporating channel
coding and modulation schemes [7]. Such schemes add signifi-
cantly to transceiver hardware and software complexity, yet still
may provide marginal performance in challenging scenarios,
e.g., necessitating networking over many hops, or high-transmit
power.

The lower VHF band has significant potential to support low
complexity, low power, highly reliable communications. This
stems from the fact that at lower VHF, scatterers are small
in terms of wavelength [3], [8]. Consequently, strong pene-
tration through multiple walls and buildings can be achieved
at relatively low power. Reflection, scattering, and diffraction
phenomena are dramatically reduced, yielding a short-range
channel that is LoS-like in terms of very slight phase distortion
and delay spread. This liberates the low-VHF system designer
from the typically stringent requirements on power, system
bandwidth, and complex equalization processing needed at
other bands.

Conventional antennas such as dipoles operating in the lower
VHF band are very large, limiting their practical application.
However, due to recent advances in antenna miniaturization
techniques and the development of palm-sized lower VHF
antennas with good performance [9], [10], interest in low
power, low data rate communications in this band is increas-
ing. Thus, there is a need to better understand the channel
characteristics in this band, to better inform and guide the
design of systems. While the frequency allocations vary in dif-
ferent regions of the world, in North America, there is dual
allocation at low VHF, consisting of primary and secondary
allocations. Applications and users include the industrial, sci-
entific, and medical (ISM) band, the U.S. Army Single Channel
Ground and Airborne Radio System (SINCGARs), highway
patrol radios, and ocean radars [11].

The large majority of channel characterization in complex
propagation scenarios consist of path loss measurements in
support of long-range commercial wireless applications which
operate in the upper UHF and microwave range [12]. These
studies typically assume a powerful base station with an
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elevated antenna serving mobile units located near ground [1],
as is common in cellular phone and other mobile communi-
cations. These classical empirically derived urban propagation
models are not appropriate for near-ground nodes operating at
the lower VHF and HF bands [16], [17].

Urban path-loss models in the upper VHF and military UHF
bands based on field measurements have been presented in
[1], [13]. Similar path-loss models in the lower VHF range
have also been proposed [2], [14], [15]. In the literature, lit-
tle attention has been paid to shorter range lower VHF band
channel characterization for near-ground nodes deployed in
complex propagation scenarios, especially for indoor-to-indoor
and outdoor-to-indoor communications. We note that the major-
ity of work regarding HF/VHF channel modeling focuses on
long-range ionospheric and ground-wave propagation [20].

In this paper, we study near-ground, wireless channel in
the lower VHF band for indoor and indoor/outdoor scenarios
(with specific focus on channel phase distortion), drawing from
extensive propagation measurements and simulations using a
finite difference time domain (FDTD)-based electromagnetic
model. In Section II, the full-wave electromagnetic simula-
tion results are described. In Sections III and IV, we discuss
the measurement system and scenarios, experimental results
and analysis based on our measurements, including path-loss,
small-scale fading, and phase distortion. We have also mea-
sured the bit error rate (BER) versus received signal-to-noise
ratio (SNR) for QPSK transmission. Using only timing and car-
rier estimation at the Rx, the resulting BER curves coincide
with theoretical additive white Gaussian noise (AWGN) chan-
nel BER predictions. Due to space limitations, BER results are
not included here, but are available in [22].

II. MULTIPATH ANALYSIS AND FULL-WAVE SIMULATION

In this section, we consider the multipath channel and associ-
ated channel transfer function. This is a precursor to measuring
and estimating the channel transfer function in amplitude and
phase. An indoor/outdoor propagation simulation is used as an
initial look at the problem (later, we consider a physical scene
that is very similar to the simulation). These results set the stage
for our experiments in the sections that follow, including statis-
tical tests for the presence or absence of multipath, testing for an
ideal transfer function, and communications BER performance
without equalization.

Our simulation geometry is shown in Fig. 1. In the upper
UHF to microwave bands, ray tracing approaches are often used
to simulate wave propagation. Ray tracing is relatively straight-
forward and computationally tractable under the assumption
that the size of the scatterers in the environment is generally
much larger than the wavelength. However, this assumption
breaks down in the lower VHF, where the size of some scatter-
ers becomes comparable to the wavelength. For this reason, we
resort to a technique that directly solves Maxwell’s equations
to characterize the wireless channel in the lower VHF band.
In particular, we use EMCUBE, a commercial full-wave solver
based on FDTD [21].

The simulation scene in Fig. 1 consists of several walls, floor,
and ceiling, as well as doors and windows (the floor and ceiling

Fig. 1. FDTD simulation geometry used for short-range phase distortion anal-
ysis. The walls are modeled as homogeneous dielectric slabs and metal sheets
are introduced to simulate a more realistic environment.

are not shown in the figure for clarity). The floor is modeled as
a half-space homogeneous dielectric medium with a dielectric
constant of concrete (εr = 4.5 + j0.011). The walls are mod-
eled as dielectric slabs with a dielectric constant of brick (εr =
4 + j0.001). To make this indoor scenario more realistic, rect-
angular metal sheets (1.2 m × 1.2 m) are included to simulate
the effect of windows since the metal sheet has the same effect
as having a metallic frame around the edges of the window due
to the relatively large wavelength. The dimensions of the over-
all scenario are 15 m × 15 m by 3.3 m. The geometry is kept
relatively small to make the simulation more computationally
tractable. A vertically polarized dipole antenna positioned out-
doors is used as a Tx, emitting a Gaussian envelope pulse that is
frequency translated to 40 MHz, with a 1 MHz bandwidth. Four
vertically polarized Rx antennas are positioned indoors and the
received signal from each antenna is recorded. Note that the Rx
positions are symmetrically positioned on either side of the Tx
antenna along the x-axis.

In addition to path-loss, we consider the phase coherence
and memory in the channel. Denote the linear time invariant
channel impulse response as h(n) =

∑N−1
k=0 Pke

jφkδ(n− nk),
where Pk and φk are the amplitude and phase of the kth com-
ponent of the signal. The k = 0 term corresponds to the first
arrival in time, where we assume that n0 < n1 < · · · < nN−1

model the delays of the N multipath components. Taking the
Fourier transform, we can express the transfer function as

H(f) = P0e
jφ0e−j2πfn0 +

N−1∑
k=1

Pke
jφke−j2πfnk (1)

where Pk and φk are the amplitude and phase of the kth com-
ponent of the Fourier transform of h(n). The transfer function
phase can be written as

∠H(f)

= tan−1

[
P sin(φ0 − 2πfn0)+

∑N−1
k=1 Pk sin(φk − 2πfnk)

P cos(φ0 − 2πfn0)+
∑N−1

k=1 Pk cos(φk − 2πfnk)

]
.

(2)

Generally, in the presence of multipath, the transfer function
phase in (1) is a nonlinear function of frequency. If the ampli-
tude of secondary multipath components is small, the first term
in (1) will be the dominant component. In that case, all terms
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Fig. 2. Phase variation in the received signal as a function of frequency for the
four Rx positions R1−R4 as shown in Fig. 1, computed via an FDTD full-wave
electromagnetic simulation of the scene.

k ≥ 1 in (1) can be ignored, and only the leading term in the
numerator and denominator of (3) will be significant, result-
ing in a phase that is linear in frequency given by φ− 2πfn0.
In Fig. 2, the phase of the received signal at each received
antenna position is plotted against frequency, centered around
40 MHz. The linear phase variation (aside from phase wrap-
ping) in the bandwidth of interest is evidence of the minimal
effect of multipath in this scenario. Similar results (not shown)
occur in the transfer function amplitude, which is flat across
the simulated bandwidth. Although there is attenuation due to
penetration, there is little evidence of multipath propagation
or fading. For example, in the case of Rx position R2, there
are four layers of walls between the transmit antenna which is
outside the building and the Rx located indoors. The received
signal is predominantly the component that penetrates through
the walls along the shortest path between the Tx and Rx anten-
nas. Reflections and multiple scattering between walls are very
small due to the small size of the walls (note that the thick-
ness of a typical wall is a small fraction of the wavelength at
40 MHz).

III. MEASUREMENTS AND PROCESSING

A. Measurement System and Scenarios

To efficiently conduct large-scale experiments, we integrated
a universal radio software peripheral (USRP) Rx system and a
λ/6 short dipole antenna onto a robotic platform which is tele-
operated throughout the measurement scenarios, enabling data
collection over extended indoor/outdoor environments (e.g.,
see Scenario 3 in Section III). By integrating the USRP with
the robot control system, each radio measurement is automat-
ically supplemented with time and position information. The
measurement system diagram is given in Fig. 3. A detailed
description of the measurement system can be found in [22].

Measurements were carried out in three different environ-
ments, two indoor (Scenarios 1 and 2) and one extended
indoor/outdoor (Scenario 3). Different cases are listed in Table I
and experimental parameters are shown in Table II. The Tx and
Rx positions in Table II correspond to those marked in Figs. 4
through 6, as described next.

Fig. 3. USRP-based one-way (dual channel) measurement system diagrams
for: (a) pulse and packet tests and (b) tone tests. The pulse and packet tests are
used to characterize the channel phase distortion and BER, respectively. For the
tone test, a reference channel is introduced by cable connection, allowing direct
comparison of the wireless and wired signals.

TABLE I
MEASUREMENT SCENARIOS INDICATING TRANSMIT LOCATIONS AND RX

REGIONS, WITH REFERENCE TO FIGS. 4–6, RESPECTIVELY

Most measurements consisted of NLoS propagation.

TABLE II
PARAMETERS USED FOR MEASUREMENTS

Fig. 4. Measurement Scenario 1: second floor layout of wooden building, with
steel sheets and cylinders introduced as shown.
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Fig. 5. Measurement Scenario 2: L-shaped corridor in the second floor of a
much larger office and laboratory building with substantial metallic partitions
and walls.

Fig. 6. Measurement Scenario 3: overhead view of the test facility. P0 and P1

are the two Tx positions and R0 to R9 are various indoor and outdoor regions
traversed by the robot for data collection.

Scenario 1 consists of indoor measurements in a multi-story
house-like test facility. Fig. 4 shows a schematic of the first floor
of this building that has the same geometry as the one simulated
(see Fig. 1 in Section II). This is a wooden structure, includ-
ing the floors, walls, and ceilings. As indicated in Fig. 4, steel
cylinders and sheets were inserted as might occur in a home
environment. Scenario 2 is depicted in Fig. 5, interior to an
office and laboratory building with extensive metal partitions,
reinforced walls, and metal objects. Measurements were taken
in the hallways, adjacent to offices and large interior lab bays.
Measurements in Scenarios 1 and 2 were taken up to a maxi-
mum range of 40 m, in LoS and nonLoS (NLoS) conditions. For
Scenario 3, the test facility shown in Fig. 6 was utilized, with
a test diameter of about 200 m, consisting of multiple build-
ings constructed of concrete and cinderblock, with fences and
other dielectric and metallic objects in the scene. Thousands

of measurements were collected for the two different Tx posi-
tions denoted P0 and P1 in the figure, teleoperating the mobile
robotic collection platform within the denoted oval collection
regions and along the dashed-line collection path shown.

B. Pulse Tests

In this section, we describe our pulse-based test for the
presence of phase distortion. These experiments are based on
periodically transmitting root-raised cosine (RRC) pulses, a
ubiquitous waveform used in digital communications [23].

1) Pulse Test Parameters: Let p(n) denote the discrete-
time RRC pulse. Referring to the RRC formula in [23], p(t)
has roll-off factor β = 0.9, symbol time TS = 3.2× 10−5 s,
and pulse duration 1.28× 10−4 s. We transmit a periodic pulse
train with 8.72× 10−4 s off-time between pulses during which
null samples are fed to the DAC. We transmit in both the in-
phase (I) and quadrature (Q) channels, denoting the complex
baseband equivalent as pc(t) = p(t) + jp(t). The RRC pulse
has 10 dB bandwidth of approximately 60 kHz.

In our tests, the Tx location is fixed and the pulse train is
continuously emitted. The Rx, mounted on a robot, is navi-
gated to a given point and stopped. For each unique Rx position,
125 pulses are collected, corresponding to 1

8 s of collection
time and denote the received signal pT (n). After sampling,
the resulting digital signal at complex baseband is denoted
by r(n) = pT (n) ∗ h(n) + b(n), where h(n) is the channel
impulse response, and b(n) is assumed to be an AWGN random
process. In the analysis that follows, we assume that all 125
pulses collected at a fixed point propagate through an identical
channel.

The received complex baseband pulse train r(n) is passed
through a matched filter (MF) whose template is the RRC pulse
shape. Denoted by pM , the output of match filtering pc(n)
against p(n); note that pM (n) is a complex valued signal with
equal I and Q channels. We then estimate timing and com-
pute the average of the MF individual pulse responses, given

by pR(n) =
1

125

125∑
i=1

pM,i(n), where pM,i(n) denotes the MF

response to the ith received pulse. Given the RRC pulse shape,
pM,i(n) is ideally a raised cosine shape, if there were no noise
or channel distortion. The additive noise effect is minimized by
averaging the individual MF responses.

To test for deviation from an ideal channel without multipath,
we compute the observed channel transfer function given by
HR = F(pR)

F(pM ) , where F denotes the discrete Fourier transform
(computed via an FFT algorithm). Here, F(pR) is the DFT of
the measured averaged received pulse after matched filtering,
and F(pM ) is the DFT of the ideal MF response (a raised cosine
pulse). Without multipath, the LTI channel consists of scaling
and a single delay only, as discussed in Section II. We normal-
ize the initial delay to zero, and the maximum transfer function
amplitude to unity, so that ideally |HR| = 1 with phase equal to
zero.

Multipath propagation induces frequency-dependent devia-
tions from the ideal transfer function in both magnitude and
phase, so we consider two measures of channel distortion. Let
S denote the selected set of frequencies under test, taken from
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the DFT. We define a mean-square error (MSE) of the differ-
ence between the measured and ideal unity magnitude response
given by

M =
1

|S|
∑
f∈S

[|HR(f)| − 1]2. (3)

The MSE of the difference between the measured channel phase
response and its ideal zero value is given by

P =
1

|S|
∑
f∈S

[∠HR(f)]
2. (4)

These two measures, sample averages computed across the
DFT frequency bin set S, capture the discrepancy of the mea-
sured channel HR from an idealized all-pass, zero-phase filter.
Note that for each fixed transmit-receive location, there is a sin-
gle channel realization HR, and hence one value for M and
one for P for each experimental Rx position. Small values for
P provide evidence of minimal phase distortion, and small val-
ues for M are indicative of a constant attenuation with respect
to frequencies probed by the pulse.

2) Wider Bandwidth Pulse Tests: The transmit pulse
bandwidth can easily be increased or decreased in the software-
defined radio Tx by changing the sampling rate when gener-
ating the RRC waveform. In addition to the above case, we
also generated an RRC pulse stream with symbol duration of
TS = 1.935× 10−6 with single pulse duration of 7.74× 10−6

s. In this case, we transmit 10 000 pulses/s, so that the total time
between two consecutive pulse starts is T = 10−4 s. The RRC
pulse has 3-dB bandwidth of approximately 500 kHz and 10-dB
bandwidth of 800 kHz.

C. Tone Tests

A second phase distortion analysis technique is also pursued,
which is based on tones transmitted simultaneously over the
air and via a cabled reference channel, shown in Fig. 3(b).
These tests were conducted by moving the Rx to each new
Rx location. Tone frequencies are selected within [39.5, 40.5]
MHz. The transmit signal is divided between the antenna and
an SMA cable (reference) using a power divider. Likewise at
the Rx, complex baseband samples of the two separate signals
are acquired simultaneously from the two channels which are
controlled by the same clock. For a given frequency, the instan-
taneous received phase is computed for both the antenna signal
and the reference. The difference in instantaneous phase, aver-
aged over all samples collected at a given frequency f , yields
our estimate of the phase response at f .

IV. EXPERIMENTAL RESULTS

A. Path-Loss

We first report on the path-loss observed in Scenario 3. We
utilize the pulse data described in Section III-B, for case 5a in
Table I (outdoor, NLoS). For each fixed Rx location, in-phase
(I) and quadrature (Q) samples are collected spanning 125
pulses, which are used to compute raw pulse power (P uncal

r )
that needs to be calibrated because the I and Q samples do

Fig. 7. Mean (dashed line) and standard deviation (solid vertical bars) of mea-
sured path-loss in Scenario 3 (Fig. 6 Case 5a in Table I). The solid line is the
least squares fit.

not map linearly to the actual receive power. Simultaneously,
we also store GPS location information. The GPS data are
postprocessed to enhance the accuracy by leveraging the aux-
iliary sensors of the robot, including inertial measurement unit
(IMU), laser scanner, and odometry by using measured ground
truth and Google Maps as a reference.

To calculate the path-loss at a fixed location, the out-of-
band noise is reduced with a narrowband bandpass filter. Next,
P uncal
r is computed by finding the peak value of |Pc(n)|2 (the

“peak power”) for each pulse in the pulse train received at that
location, and then averaging across all these peak power values.
Then, the channel path-loss (in dB) is computed using

PL = Pt − Puncal
r +Gt +Gr +Gsys (5)

where Pt and P uncal
r are the transmit and receive powers in

dBm, respectively. Here, Gt and Gr are the gains of the Tx
and Rx antennas, and Gsys is the sum of all other system gains
and losses including amplifier gain, filter loss, and cable losses.
Gsys also includes a calibration factor for the USRP to map
I and Q values to true power levels. This calibration factor
was computed by directly connecting the USRP to a signal
generator via an RF cable and performing a power sweep to
map the quantity captured by P uncal

r to actual signal power in
dBm. Next, the corrected GPS data are used to find the dis-
tance between the Rx and Tx for all measurement points. The
range data are binned into intervals of size 0.45λ (chosen to be
similar to the position error of our system), with the path-loss
data mapped to its corresponding bin, and the mean and stan-
dard deviation of all path-loss values falling in a given bin are
computed. The overall position error attributable to our mea-
surement system is within ±1.5 m, which comes from errors
in the GPS data and simultaneous localization and mapping
(SLAM) processing. It should be noted that the linear path-loss
trend does not change when the bin size is reduced, although the
path-loss curve will not be as smooth and has a slight increase
in standard deviation.

The path-loss mean and standard deviation versus range is
shown in Fig. 7, which is based on measurements in Scenario 3
(case 5a) and consists of a total of 152 collection points. The
path-loss for this case has a standard deviation of 2 dB from
the least squares fit. The calculated path-loss exponent is 6.3.
This path-loss exponent value is slightly higher than typical
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Fig. 8. Instantaneous phase versus time for two example complex baseband
received pulses after frequency offset correction, for a Rx position selected from
case 5 b (see Fig. 6 and Table I). Little phase distortion is evident for high SNR
cases such as these.

indoor/outdoor path-loss exponent values reported in the liter-
ature for the upper VHF, UHF, and microwave range (roughly
4–6.5) [24].

In the lower VHF with low antenna heights (≤0.5λ), propa-
gation is primarily supported by surface waves, resulting in the
higher path-loss exponent value because surface waves decay
faster in general [19], [25]. Note, however, that while the path-
loss exponent is relatively high, the overall attenuation is much
less than expected at higher frequencies due to lower pene-
tration loss through the walls [18]. It should also be noted
that other measurements in Scenario 3 (with different Tx loca-
tions) have resulted in path-loss exponent values ranging from
4 to 5 (partly due to the lower antenna heights). The path-loss
variation depends on the number of obstacles and buildings
in the path. Our reported measurements in Scenario 3 are a
challenging case with a significant number of structures in the
typical LoS path. A more extensive measurement-based path-
loss characterization for VHF indoor/outdoor channels, as well
as comparison against measurements at 2.4 GHz, is presented
in [18]. Although the measurements were carried out in differ-
ent indoor and outdoor scenarios, the path-loss results presented
in [18] are comparable to the path-loss results discussed in this
paper.

B. Phase Distortion and Instantaneous Phase

Multipath or other propagation effects can generally intro-
duce phase distortion. To look more closely at this, we examine
the instantaneous phase for two representative pulse cases. In
Fig. 8, we plot instantaneous phase against time, for two com-
plex baseband pulses from Scenario 3 case 5b, Rx location R6

(see Table I and Fig. 6). The instantaneous phase plotted in
Fig. 8 consists of the middle 1250 samples of the received pulse,
out of 3200 samples per pulse. Rx processing consisted of band-
pass filtering to reduce out of band noise, passband sampling,
frequency offset estimation, and mixing to complex baseband.
No MF processing or averaging was used. The plots represent
arbitrarily chosen 60th and 120th pulses of the 125 collected at
this particular Rx position, and the SNR was measured to be
close to 20 dB for each pulse. In fact, the entire ensemble of
125 pulses all show the same instantaneous phase as in Fig. 8.

Fig. 9. Mean square deviation of the received signal phase compared with an
ideal channel transfer function for cases 5a and 5b (see Fig. 6 and Table I). P
measures deviation from the ideal zero channel transfer function phase. Little
statistical deviation is observed at the 95% level.

Note that quadrature results in a constant noise-free pulse phase
of π/4, which has been removed for plotting. Also, carrier fre-
quency offset error will result in a linear phase change with
time; we estimate and remove this linear trend before plotting.

After removing the π/4 offset and linear trend due to carrier
offset, plots of instantaneous phase display remarkably little
variation from zero for these and all other high SNR cases
examined, demonstrating very little observed phase distortion.
The slight variation in the phase plots is well within what can
be expected due to the inherent limitations of our measurement
system.

C. Statistical Analysis of the Measured Channel Transfer
Function

Next, we report on the measured statistics of the channel
transfer function as described in Section III-B, using the error
measures M and P from (3) and (4), respectively. To estab-
lish baseline distributions for M and P for each fixed SNR,
we simulate a channel which introduces only attenuation and
AWGN (an ideal all-pass zero-phase transfer function). We per-
form the identical transmit and receive data generation and
processing that we do in our actual data collection based on
processing a pulse train, as was described in Section III-B. For
each SNR value, we conducted 500 Monte Carlo trials over
realizations of the additive noise. We used the resulting empir-
ical distributions of M and P to find a lower 1− α confidence
interval for each, i.e., we find threshold values τM and τP , such
that Pr(M > τM ) = α and Pr(P > τP ) = α. Note that these
threshold values are a function of the test SNR. For our tests,
we use α = .05 to yield a 95% confidence level.

Figs. 9 and 10 depict experimental results for measurements
carried out in Scenario 3 and Scenario 1. These results con-
sist of 11 and 97 different Rx positions in Scenario 1 and
Scenario 3, respectively. The data collected at each measure-
ment point consist of 250 pulses in the case of Scenario 1 and
125 pulses in the case of Scenario 3 resulting in a total of
14 875 measured pulses. For each SNR, the intervals (0, τM )
and (0, τP ) are also shown as vertical blue bars. Note that in
Fig. 10, these bars have a slight upward bias from their ideal
lower end point of 0. This is attributable to a small departure
from unity gain due to roll-off in the magnitude response of the
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Fig. 10. Mean square deviation of the received signal amplitude compared with
an channel transfer function for cases 5a and 5b (see Fig. 6 and Table I). M
measures deviation from the ideal unity gain transfer function amplitude. Only
a small deviation is observed.

lowpass filter used in processing the pulses. Statistical evidence
of deviation from the ideal transfer function exists at level α if,
for a particular computed value, M > τM or P > τP .

The phase statistic P in Fig. 9 shows that all the Rx posi-
tions considered resulted in a channel transfer function whose
phase deviation from an ideal delay and attenuation channel is
well within statistical limits caused by additive noise. We can-
not reject the ideal transfer function model at the α = .01 level.
The amplitude statistic shown in Fig. 10 shows similar results,
with most measurements within the statistical limits, although
there is some deviation. However, this statistical deviation is
small, and appears to be independent of the phase results. A
more refined analysis could consider the joint distribution of
M and P , although only a small variation in attenuation is
observed, and the transfer function phase seems more pertinent
to the measurement of phase distortion.

The phase and amplitude statistics are also computed for the
wideband pulse tests described in Section III-B. Fig. 11 shows
the phase statistic calculated based on measurements carried out
in Scenario 2 where a few LoS and NLoS points were mea-
sured. Similar to the previous case, the phase deviation in two
of the three cases falls within the 95% confidence intervals of
the null hypothesis; the third is just slightly outside it. In this
figure, we also show the theoretical phase MSE for various
two-component multipath channels, i.e., channels consisting of
a dominant component and a single multipath component. We
show channels whose secondary component has energy that is a
fraction α of the dominant signal, and delay of γ meters relative
to the dominant signal, for various values of α and γ (as shown
in the figure legend). For example, the point α = .05, γ = 10
represents the phase deviation statistic value we would obtain
for a two component multipath channel, whose secondary com-
ponent is .05 as strong as the primary one, and which travels
an excess distance (in free space) of 10 m. Note that for the
higher SNR cases, most multipath channels give phase MSE
values which fall outside the null hypothesis interval; this indi-
cates that the test has strong statistical power. Also, note that in
general, as the secondary component’s relative energy and/or
delay increases, the value of the statistic grows, i.e., that P
grows larger as multipath becomes “worse.” Finally, note that
the various multipath channel statistics are point estimates com-
puted without AWGN; with AWGN, the points would become

Fig. 11. Mean square deviation of the measured phase for case 3d (see Fig. 6
and Table I), along with various realizations of theoretical multipath channels
based on a two-path channel model. The first and second numbers in the leg-
ends of the theoretical multipath points are the normalized amplitude and delay
of the secondary (multipath) component with respect to the dominant compo-
nent. Dominant component is normalized to have energy 1 and delay 0. A 95%
confidence interval for the distribution of the phase statistic under an ideal flat
fading channel with AWGN is shown (blue bar). Note that actually obtained
experimental values (green x) fall within or very near the blue bar.

intervals and would shift strictly up. We have not shown these
latter intervals, so as not to clutter the figure.

The amplitude statistic shows qualitatively similar results;
however, the Tx and Rx antennas exhibit small amplitude vari-
ations (i.e., are not constant gain) over the pulse bandwidth
which affects our magnitude MSE statistic. Note that this is
more of an issue for the wider bandwidth pulses than the nar-
row bandwidth pulses, as the larger bandwidth results in a larger
overall deviation from constant gain. The net effect of this sys-
tem nonideality is to add noise to our magnitude MSE statistic.
Rather than carefully compensate for the effect of this antenna
gain variation on our magnitude statistic, we have focused on
the phase statistic.

D. Tone Tests for Transfer Function Phase Measurement

Next, we present results for tone tests as described in
Section III-C, where we measure the phase difference between
the received tone via the antenna and via the cabled reference
channel. An experimental result is plotted in Fig. 12. Other
measured cases also show similar linear variation and can be
found in [22]. The curve shows the result for NLoS case col-
lected in Scenario 1, shown in Fig. 4. At each measurement
location, we collect 1 s of complex-valued data at 2 MS/s
from the two channels for each frequency. The phase differ-
ence is calculated for each sample, and the mean and standard
deviation of the phase difference is plotted.

The experimental results show a linear phase as a function
of frequency for the entire range of test tones in [39.5, 40.5]
MHz, which is consistent with an ideal unity transfer function
over the frequencies tested. Some deviation is expected due to
varying SNR and other experimental effects, but the measured
deviation is small as shown in the figures. We note that multi-
path will become evident as the frequency is increased, even
within the VHF band. In a previous publication, the authors
have investigated the propagation characteristics at HF/lower
VHF as compared to 100 MHz and higher, using full-wave
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Fig. 12. Tone tests: mean and standard deviation of the measured phase differ-
ence between the wireless and reference channels for case 2a, at Rx point P3
(see Fig. 4 and Table I).

simulations [3]. For a given indoor building scenario, the effect
of multipath and channel induced distortion is clearly evident at
100 MHz, but is very minimal at lower frequencies such as 20
or 40 MHz. This is easily seen in the amplitude and phase maps
inside the building [3].

V. CONCLUSION

In this paper, we have characterized the lower VHF chan-
nel near 40 MHz in highly cluttered environments using an
extensive measurement campaign and statistical analysis. Our
objective was to study the viability of low power, short range,
reliable communications that are minimally affected by the
presence of clutter, and to establish the degree to which phase
distortion is present. FDTD electromagnetic simulations of an
indoor/outdoor scene showed little phase distortion or multi-
path propagation that is characteristic of upper VHF and above.
Tone and pulse-based measurements were conducted in vari-
ous indoor/outdoor scenarios, including NLoS cases, at ranges
up to 200 m. It was shown through various techniques that the
channel phase distortion and multipath are minimal in all tested
scenarios.

In summary, our central finding is that for low power, short-
range low-data rate communications in the variety of cluttered
indoor/outdoor environments tested, the lower VHF channel
can be reasonably modeled as an AWGN channel with scalar
attenuation. The simplicity of the channel, along with recent
advances in the design of extremely miniaturized lower VHF
antennas, can be exploited in a large variety of signal pro-
cessing and communication applications such as geolocation
in GPS-denied environments and voice communications in
search-and-rescue operations.
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