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Abstract—Heating, ventilation, and air conditioning (HVAC)
ducts in buildings behave as multimode waveguides when excited
at radio frequencies and thus, can be used to distribute radio
signals. The channel properties of the ducts are different from the
properties of a usual indoor propagation channel. In this paper,
we describe physical mechanisms which affect the HVAC channel
impulse response and analyze their influence on the delay spread.
Those mechanisms include antenna coupling, attenuation, and
three types of dispersion: intramodal, intermodal, and multipath.
We analyze each type separately and explore the behavior of
the delay spread as a function of distance in straight ducts.
Experimental channel measurements taken on real ducts confirm
the validity of our model.

Index Terms—Dispersive channels, indoor radio communica-
tion, multimode waveguides, wireless local-area network (LAN).

I. INTRODUCTION

T HE heating, ventilation, and air conditioning (HVAC)
duct system in most buildings consists of interconnected

hollow metal pipes of rectangular or circular cross-section,
which act as waveguides when driven at radio frequencies
(RFs). This complex waveguide network may have multiple
propagating modes and contain various nonuniformities (bends,
tapers, T-junctions, etc.). It can be used as a communication
channel with potentially high data-transmission capacity [1].
There are several advantages of using an HVAC duct system for
signal distribution in buildings. First, the HVAC duct system,
used as a communication infrastructure, is already present
in almost any building. Second, the HVAC duct channel is
a time-invariant channel, which is electrically shielded from
the rest of the indoor environment. Third, the path loss in the
straight HVAC duct is lower compared with a coaxial cable
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Fig. 1. HVAC duct system used for providing network access to offices.

and with free-space propagation.1 Fourth, various transmitting
powers or frequencies can potentially be used inside HVAC
ducts without violating emittance and interference regulations,
provided that leakage from the duct system into the building
space is negligible or can be controlled.

An example of an HVAC system used for providing high-
speed internet access to offices is shown in Fig. 1. The access
point is connected to an antenna which excites waveguide modes
in the duct system that carry the signal to the offices. Users ac-
cess the system either directly (via a cable connected to the of-
fice antenna) or wirelessly (passive office antenna or duct louver
reradiate into the office space). Coupling around various RF
obstructions can be achieved with bypass amplifiers. One can
see that HVAC ducts can serve as an independent transmission
medium (in addition to indoor wireless or cable) and can en-
hance the capacity and coverage of the building data network
system.

The characteristics of a traditional (free space) indoor radio
propagation channel have been extensively studied by several
researchers [2]–[5]. An excellent overview of this topic can be
found in [2]. Indoor channel performance strongly depends on
the specifics of the environment. In a typical office environment,
the delay spread increases with the distance from the trans-
mitter and can vary between a few tens and few hundreds of
nanoseconds. The signal level decays with the path loss expo-
nent whose value depends on the environment (typically, this

1The loss in free space is proportional (in decibels) to the log of the path
length, whereas in straight waveguides, the mode loss is linear with distance.
The path loss in ducts is smaller compared to the free space until a certain dis-
tance from the transmitter where the two become equal. For a mode traveling
in a straight duct with a loss of 0.1 dB/m and a free-space propagation at a fre-
quency of 2.45 GHz, this distance is 1000 m. In a networked duct system, this
distance would be smaller due to power splitting at joints.
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value is between two and four). For example, Hashemi [3] re-
ports root mean square (rms) delay spreads of 10–40 ns and
path loss of 40–110 dB for antenna separations of 5–30 m in a
large office building at frequencies between 900 and 1300 MHz.
Tan [4] reports similar findings. The main advantage of the
HVAC medium compared to indoor wireless propagation is that
HVAC ducts penetrate all building floors and present a reliable
channel whose performance is not affected by time-varying fac-
tors such as moving people or rearrangement of furniture. Since
the HVAC channel has low attenuation, its data transmitting ca-
pability is limited mostly by the rms delay spread of the duct
impulse response.

The topic of wave propagation in multimode waveguides has
been addressed before. In the early 1950s, Bell Labs researchers
explored the feasibility of using straight multimode waveguides
for long-distance communications [6]. Later, impulse responses
of some extremely overmoded structures have been studied, e.g.,
in application to propagation in road tunnels [7]. In addition to
that, electromagnetic waves in multimode waveguides have also
been analyzed, e.g., from the power flow and distribution per-
spective [8], [9]. However, impulse response characteristics of
a general multimode waveguide network, such as HVAC ducts,
have not yet been studied from a wireless communications per-
spective. In this paper, we concentrate on the properties of a
simple HVAC system in the form of a straight duct terminated
on both ends. All physical mechanisms affecting the impulse re-
sponse of an arbitrary HVAC duct system can be explored with
this simple system.

The remainder of the paper is organized as follows. Section II
presents the impulse response model for a straight terminated
duct. The relative importance of different physical mechanisms
is analyzed in Section III. Section IV explores the behavior of
the rms delay spread as a function of transmitter–receiver sep-
aration distance. Comparison of the model with experimental
data is presented in Section V. Section VI contains the discus-
sion. Conclusions are given in Section VII.

II. I MPULSERESPONSE OF ASTRAIGHT TERMINATED DUCT

Consider a straight terminated duct with two antennas as
shown in Fig. 2, where is the distance between the transmitter
and the receiver, and and are the distances from the
antennas to the respective terminated ends with reflection
coefficients equal to (which, for simplicity, are assumed
to be constant for all modes and frequencies). Fig. 2 shows
qualitatively all three types of dispersion in the straight duct
system (only two propagating modes are kept for illustration).
Drawing a vertical line allows one to determine the arrival times
of the power delay profile components at any given position
along the duct.

In [10], we have shown that the transfer function of such a
system can be written as

(1)
where is the coefficient that accounts for the impedance
mismatch loss and depends on the impedances of the trans-
mitter, the receiver, and the antenna; is the complex antenna

Fig. 2. Propagation of two modes in a straight terminated duct with three types
of dispersion present.

impedance due to mode; and is the complex
propagation constant of mode( is the attenuation constant
and is the propagation constant). Quantities , , and
are all functions of frequency. Equation (1) describes a co-
herent sum of the propagating modes at the receiving antenna.
The term accounts for mode propagation between the
transmitter and the receiver in a straight duct. The fraction con-
taining , , and appears as the result of the summation of
multiple reflections from the terminated ends. The propagation
constant is defined as

(2)

where is the cutoff frequency of the mode. In cylindrical
waveguides, the cutoff frequency is

(3)

where is the velocity of light, is the duct radius, is
the th zero of the Bessel function for transverse mag-
netic (TM) modes, and is the th zero of the Bessel
function derivative for transverse electric (TE) modes.

In wireless communications, the transceiver bandwidth is
usually limited, and the quantity typically analyzed is the
power delay profile related to a narrowband impulse
response as . Often, the impulse response
is calculated via a discrete Fourier transform (DFT) from the
frequency response , which is measured or modeled at
a discrete set of frequencies in a given band. An important
characteristic of the channel is the rms delay spread of the
power delay profile. With no diversity, equalization, or coding,
the maximum attainable data rate is strongly related to the
coherence bandwidth, which is inversely proportional to the
rms delay spread. The latter is typically computed using only
values above a certain threshold with respect to the maximum
signal level in the impulse response. In our analysis, we use a
threshold of dB, typically used in the literature [3].

The HVAC channel frequency response measured be-
tween the ports of two antennas coupled into the duct system



1738 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 51, NO. 10, OCTOBER 2003

TABLE I
CUTOFFFREQUENCIES ANDNUMBER OFMODES INCYLINDRICAL DUCTS OFVARIOUS DIAMETER AT FREQUENCIES915 MHZ, 2.4835 GHZ, AND 5.825 GHZ

strongly depends on antenna mode sensitivity, which defines
what modes are excited the most by the transmitting antenna
and what modes are sensed the best by the receiving antenna.
Hence, the channel impulse response obtained from
inherently includes the antenna effects. Note that the traditional
indoor wireless channel response also depends on antenna prop-
erties. Directive gains of the transmitting and receiving antennas
define how much power is radiated or received from a certain an-
gular directions. For that reason, indoor measurements are typi-
cally performed with omnidirectional antennas which give birth
to many multipath components.

III. RELATIVE IMPORTANCE OF DIFFERENT

PHYSICAL MECHANISMS

There are several physical mechanisms that affect the HVAC
duct channel impulse response.Antenna couplingis due to
the fact that transmitting and receiving antennas excite and
sense various modes differently.Attenuationis due to the finite
conductivity of the duct walls and losses at each reflection
from nonuniformities in the duct system.Dispersion can
be classified into three types:intramodal dispersion, due to
different velocities of various spectral components within
each mode;intermodal dispersion, due to different velocities
of various modes; andmultipath dispersion, due to multiple
reflections from nonuniformities. The manifestation of the
aforementioned mechanisms strongly depends on the number
and relative amplitudes of propagating modes and usually is
nonlinear with respect to frequency.

In this section, we describe the aforementioned mechanisms
and examine their effects individually on the example of cylin-
drical ducts, most commonly used in HVAC systems. Table I
presents the cutoff frequencies of cylindrical ducts of several
common diameters and the maximum number of modes that can
propagate in them at typical frequencies used in wireless com-
munications.

A. Antenna Coupling

To couple signals in and out of the HVAC system, one needs
to insert an antenna, such as coaxially fed monopole probe [11],
into the duct. Antenna coupling can be characterized by the
radiation resistance of each mode, which determines how much
of the transmitted power is carried away by a given mode. Mode
radiation resistances define the excited mode distribution and
the weights of the different spectral components of each mode.
Mode radiation resistance depends on mode type, antenna
parameters, waveguide cross-section dimension and geometry,
and excitation frequency.

Expressions for radiation resistances of TE and TM modes
excited by a thin monopole probe in cylindrical waveguide are
given in [10]. For example, in 30.5-cm cylindrical ducts, mode

is excited the most at 2.5 GHz by a 3.5-cm monopole
probe, whereas modes are not excited at all.

B. Attenuation

In a straight duct, the power in each mode drops exponen-
tially with the distance. Attenuation due to losses in the duct
walls defines the decay rate of different modes in a propagating
mode distribution as well as the decay rate of individual fre-
quency components. The mode attenuation constant depends on
mode type, waveguide cross-section dimension and geometry,
duct wall material properties (conductivityand permeability

), and excitation frequency. Attenuation constants of TE and
TM modes in cylindrical waveguides are given by [12]

(4)

where for TM modes,
for TE modes, and is the wall surface
resistance. In our experiments, the attenuation constants (at
2.5 GHz) of the three most excited modes were 0.117 dB/m
( ), 0.055 dB/m ( ), and 0.035 dB/m ( .

The total power carried by propagating modes is a sum of
powers carried by each mode. The effective decay rate of the
traveling mode pack depends on the relative power in each
mode, which varies with distance from the transmitter. Loss
due to nonideal reflections from nonuniformities and power
splitting at joints introduces an additional attenuation to the
received signal.

C. Dispersion

Dispersion arises when different signal components travel
with different speed. Let us examine the power delay profiles
in the situations when each of the dispersion types (intramodal,
intermodal, and multipath) is predominant. Consider a straight
cylindrical duct excited by monopole antennas with character-
istics described in Section V. Assume the following geomet-
rical parameters for the system shown in Fig. 2: m,

m, and m.
Intramodal dispersionis due to the fact that velocities of spec-

tral components of each mode are frequency dependent. The
mode group velocity is given by . The ar-
rival time delay for distance can be calculated as .
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Fig. 3. Different types of dispersion in the calculated power delay profiles for 30.5-cm diameter cylindrical ducts, 3.5-cm monopole antennas, and 2.4–2.5-GHz
frequency band. (A) Intramodal for modeTE . (B) Intermodal and intramodal for all modes. (C) Multipath and intramodal for modeTE . (D) Combined for
all modes. Other parameters areL = 25 m,L = 0:3 m, andL = 0:3 m.

The intramodal time spread per unit distance, , can be found
by differentiating

(5)

where is the width of the frequency window. The signifi-
cance of the intramodal time spread can be understood in com-
parison with . For lower order excited modes, is very
small, compared with the arrival delay time (
for mode). For higher order modes, these times are of
comparable magnitude ( for mode).

To see the effect of the intramodal dispersion, assume that
there are no multipath reflections from the terminated ends (set

) and only the mode propagates. The normalized
calculated power delay profile in this case is shown in Fig. 3(a).
The intramodal dispersion manifests itself as broadening of the
original transmitted pulse.

The 3-dB width of the narrowest pulse that can be transmitted
is finite and is on the order of 10 ns with 100 MHz of bandwidth
for a rectangular frequency window. The intramodal dispersion
effect is inherently present on all Fig. 3 plots, which were ob-
tained using a frequency band 2.4–2.5 GHz.

Intermodal dispersionis due to the fact that different modes
travel with different velocities. To analyze the intermodal dis-
persion, assume again that there are no multipath reflections

from the terminated ends (set ). The normalized calcu-
lated power delay profile is shown in Fig. 3(b). The fastest mode
that arrives first is .

Multipath dispersionis due to multiple echoes caused by re-
flections from nonuniformities. Assume that there are strong
multipath reflections from the terminated ends (set ),
but only the mode propagates. The normalized power
delay profile is shown in Fig. 3(c). One can clearly observe sets
of periodic peak structures that correspond to reflections coming
from the terminated ends. The intramodal dispersion causes the
spreading of these structures with time. The spacing between
the same peaks in different structures is the round-trip time of
the corresponding spectral component of mode between
the ends of the duct.

Fig. 3(d) shows the normalized power delay profile with all
three types of dispersion present. The power delay profile shape
and its rms delay spread depend on the mode composition and
exact amplitudes and phases of each mode impulse response.
One can see from Fig. 3(a)–(d) that the largest contribution to
the rms delay spread in relatively short straight ducts with closed
ends comes from multipath dispersion. Mitigating the reflec-
tions decreases the rms delay spread and makes ducts “radio
friendly.” When reflections are minimized, or the duct is very
long, the dominant contribution comes from intermodal disper-
sion. Both intermodal and intramodal dispersion can be mini-
mized by selectively exciting a single (or small number) of pre-
ferred modes.
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Fig. 4. Calculated rms delay spread (� symbols) and coherence bandwidth (.

symbols) as functions of transmitter–receiver separation distance in a straight
“radio friendly” cylindrical steel duct 30.5 cm in diameter. Antennas are 3.5-cm
monopole probes, frequency band is 2.4–2.5 GHz. The region inside the dashed
box is shown in Fig. 6.

IV. RMS DELAY SPREAD VERSUSDISTANCE

Having an ability to investigate the rms delay spread depen-
dence on the system parameters (, , , ) could be very
valuable for a system designer. From a system design point of
view, the channel properties for long HVAC ducts ( m) are
of great interest. Obtaining experimental data for such distances
is difficult, due to the size of the experimental testbed that would
have to be constructed. Our impulse response model allows pre-
diction of the rms delay spread behavior for any distance.

As an example, consider a straight “radio friendly” duct (both
ends are terminated with matched loads, with , and all
other parameters are the same as before). In this situation, only
intermodal and intramodal dispersions are present. Fig. 4 shows
the rms delay spread and the coherence bandwidth (estimated
for 50% signal correlation as ), where is the
delay spread) as functions of the transmitter–receiver separation
distance calculated with our model. At short distances, the atten-
uation is small, and the delay spread increases linearly due to the
intermodal dispersion. At longer distances, the mode attenua-
tion decreases the number of modes with significant amplitudes,
and the delay spread diminishes. At extremely long distances,
the intermodal and intramodal dispersion of a few low-order
modes increase the delay spread again. The specific slope of
the rms delay spread curve strongly depends on the mode mix
traveling in the duct and the duct end reflection coefficients.

V. COMPARISONWITH EXPERIMENT

To validate these theoretical results, we compared data and
theory over accessible distances in straight cylindrical HVAC
duct sections of different lengths with different antenna loca-
tions, and with both ends open or closed by end caps. The ducts
were 30.5 cm in diameter made of galvanized steel. The distance

was 0.32 m, the distance was in the range 0.28–1.24 m,
and the separation was varied between 2.44 and 14.67 m. The
antennas were thin copper monopole probes 3.5-cm long and

Fig. 5. Comparison of measured and calculated (with� = 0) power delay
profiles in a straight “radio friendly” cylindrical steel duct 30.5 cm in diameter.
Antennas are 3.5-cm monopole probes, frequency band is 2.4–2.5 GHz,L =

14:62 m.

1 mm in diameter set on the straight line along the duct length.
We used an Agilent E8358A network analyzer to measure the
frequency response between the ports of antenna probes at 1601
discrete frequency points in the 2.4–2.5 GHz band. Further de-
tails of the experimental setup can be found in [10]. The duct
on which we performed the experiments was elevated on the
supports, and set up along the centerline of a long corridor. Al-
though no special measures were taken to prevent coupling be-
tween two open ends, the good agreement between the theoret-
ical and the measured frequency responses [10] indicated that
this effect was not significant.

First, we compared impulse responses (computed from fre-
quency responses via a DFT) predicted by the model and mea-
sured in ducts with open or closed ends. Although in reality,
reflection coefficients of open and closed ends is mode and
frequency dependent, we empirically found that a single value
( for open ends and for closed ends) is a rea-
sonable approximation that yields a good agreement between
the measurements and the model. Typical measured and calcu-
lated power delay profiles for the duct with open ends are shown
in Fig. 5, which contains the effect of both intramodal and inter-
modal dispersions. One can see that data and theory agree well.
Differences are due to reflections from the open ends of the duct.

Then, we calculated the delay spread values and compared
them with the experimentally measured ones. Fig. 6 shows the
rms delay spread as function of distance. The graphed points
represent one sample. Because the duct is a time-invariant
channel, samples repeated over time yield the same value.
One can see that theoretical results agree well with experi-
mental data for distances up to 15 m. Although validation at
longer distances is ultimately needed as well, this result gives
confidence in the basic elements of the model, which can be
used for estimating the rms delay spread of the straight duct
communication channel.

VI. DISCUSSION

The impulse response model that we presented provides in-
sight into the parametric behavior of the rms delay spread as
a function of distance or any other system parameter (, ,
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Fig. 6. Rms delay spread: comparison of theoretical model for closed ends (�

symbols) and open ends (� symbols), with experimental data for closed ends
(/ symbols) and open ends (. symbols) for 30.5-cm diameter cylindrical ducts
with open and closed ends. Antennas are 3.5-cm monopole probes, frequency
band is 2.4–2.5 GHz.

, , etc.). It allows a designer to determine which system pa-
rameters must be adjusted to obtain the desired performance
characteristics. Other power delay profile characteristics (e.g.,
mean excess delay) can be analyzed with our model in a similar
fashion.

While in this paper we considered an HVAC channel in the
form of a straight duct, the real HVAC duct system is more com-
plicated, as it may contain tapers, bends, T-junctions, etc. Effi-
cient modeling of the path loss and impulse response charac-
teristics in such a system is a challenging task [13], [14]. Our
measurements indicate that rms delay spread behavior in the
duct system with small nonuniformities, such as smooth cylin-
drical bends, is almost identical to the rms spread behavior in
the straight ducts. Severe nonuniformities, such as T-junctions
and Y-junctions, cause a more pronounced effect on the rms
delay spread by introducing reflections and mode conversion
phenomena.

VII. CONCLUSIONS

The HVAC duct system is an interesting and promising prop-
agation channel for indoor wireless communication. We have
described the following physical mechanisms that affect the im-
pulse response of this channel: probe coupling, attenuation, and
dispersion. Three types of dispersion exist in this channel: mul-
tipath reflections, intermodal dispersion, and intramodal disper-
sion. We have analyzed their effect on the delay spread with the
example of a straight terminated duct, for which we have pre-
sented a model and explored the parametric behavior of the rms
delay spread as a function of distance. The model agreed well
with experimental measurements at accessible distances up to
15 m. Our model should be perceived as a first step toward pre-
dicting the rms delay spread in ducts when designing an HVAC
signal distribution system.
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