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Abstract—This paper presents a novel technique for analyzing driven at microwave frequencies. The signal can be coupled

the mode content excited by antennas placed in multimode jnto and out of the ducts using coaxially fed antennas mounted
waveguides. The technique is based on measuring the frequency,

) , on duct walls.
response between the two antennas coupled into a waveguide an Multimode di . d redistributi f betw
using that information to extract the mode content generated by ulimode dispersion and redistribution of energy between

the transmitting antenna. The technique is applicable to cases different modes in various waveguide system elements can sig-
in which the mode amplitudes are approximately constant over nificantly affect the capacity and the signal-to-noise ratio in the
fjhet freqL_‘e”C?r’] rangg of interest. tTr(‘jiSb metlg_ct)d is tvaluab_l; for \vaveguide communication system [2]. Therefore, selection of
aﬁt::mgn% aemmuﬁinfo?elxvsae\?:ggﬁige p)r/o;;g;a:sc% ;ici?r'm']ré%t_ a mode dis_tri_bution that res_ults_ in redl_Jced multi_mode disper-
An example of such an environment is heating, ventilation, and SIOn and minimum attenuation is very important in waveguide
air-conditioning (HVAC) ducts used for indoor communications, communications. Many mode selection techniques are known,
where an important antenna characteristic is the mode sensitivity byt most of them involve modifying the waveguide shape or
(analogous to the antenna directive gain in free space). We validate oot re [3]. Desired mode selectivity can also be obtained by
our technique with the example of a monopole probe antenna . . ) .
coupled into a multimode cylindrical HVAC duct. varying the antenna parameters. To build an effective waveguide

. . L . communication system, it is critical to use antennas that excite

Index Terms—Antennas, indoor radio communication, micro- . T .
wave measurements, multimode waveguides. a desired mode distribution that has favorable propagation char-
acteristics. It is also important to have an ability to measure the
mode content excited by the transmitting antenna and traveling
in the waveguide.

N ANTENNA radiating in free space can be characterized When experimentally characterizing the performance of var-

by its directive gain, which is a function of angular direcious antennas in an HVAC duct system, the mode content must
tion. In waveguides, the only direction of field propagation ise measured multiple times at various locations in ducts of dif-
along the waveguide and the propagating field can always be ¢erent diameter. That means that the mode content measurement
composed into a finite sum of normal modes. The characteristihnique must be simple, efficient, and least destructive to an
analogous to the directive gain is mode sensitivity gain, whiaxisting duct system. Moreover, only the modes to which a re-
can be defined as the power radiated into a given mode, nornegdiving antenna is the most sensitive directly affect the quality
ized by the average radiated power per mode. Thus, an anteahaommunication and are important for analysis. This paper
in a uniform multimode waveguide can be characterized by thescribes a novel technique for the mode content analysis that
waveguide mode distribution that it excites. satisfies all of the aforementioned criteria.

The application that stimulated our interest in mode contentThe remainder of this paper is organized as follows. Section Il
analysis techniques for antennas in multimode waveguidescisvers the previous work in the area of mode content measure-
indoor communications via heating, ventilation, and air-cofnent. The novel mode content analysis technique developed by
ditioning (HVAC) ducts. Using the HVAC duct system inthe authors is described in Section Ill. Section IV presents the

buildings for signal distribution is a promising way to provide ga|idation of the technique. Section V contains the discussion.
high-speed network access to offices [1]. A typical HVAC dutgnclusions are given in Section VI.

system is a complex network of hollow metal pipes of rectan-
gular or circular cross section, which may extend to hundreds

of meters. These pipes behave as multimode waveguides when ]
Existing mode content measurement approaches can be di-

. . . vided into four major groups: scanning the field pattern, using
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Taub [6], and Levinson and Rubinstein [7]. Klinger [8] used & Matched Multimode waveguide Matched
fixed probe and a moving short termination to measure the mu temination termination
timode content. Glock and van Rienen [9] used a fixed probe
fixed termination, but moving (adjustable length) waveguide t
perform necessary measurements.

Mode-selective coupling has been used by Lewis [10] an
Beck [11], who employed a series of specially designed mod
couplers to couple a mode to its own output port. Seguehat. Network analyzer
[12] used a mode coupling technique for characterizing multi
mode microstrip lines. D

Measuring the radiation pattern of an open-ended waveguic
has typically been used in high-power microwave engineering , N
for extracting the mode content of a high-power source (malf%%.ea.].naSetup for measurement of the mode mix generated by the transmitting
netron, gyrotron, etc.) [13] and in application to analysis o '
waveguide horn antennas [14]. B Detai

S . . . Details

Array processing involves measuring the signal at the ele-
ments of an antenna array mounted on the waveguide and usingssume thatV. modes can propagate in our waveguide (if
those measurements for mode content extraction. This met@sdennas are sufficiently far apart, evanescent modes can be ne-
is somewhat similar to the field scanning technique. To achiegtected) andX (w) is the unknownN-dimensional vector of
good results, antenna locations must be carefully chosen &&dnplex mode amplitudes excited by the transmitting antenna.
sometimes even optimized in the process of measurement. Hie frequency response between the transmitting and receiving
excellent example of using an antenna array for mode measiggtennas can be written in terms’fw) as the following scalar
ment is given by Bairct al. [15]. Measurements using a loopProduct:
antenna oriented at different angles are described in [16]. > -

All of the techniques described above require a complicated X(w)A(w) = H(w) (1)

experimental setup and a Igngthy process of'mode content M@fere the frequency-dependent vecttiw) describes a cou-
surement. Below we describe a novel technique for mode cgjling between the waveguide modes and the sensing (receiving)
tent analysis that requires only one sensing antenna for defgtenna. If mode amplitude® (w) are weak functions of fre-

mining the frequency-averaged mode content in the frequengyency in the range of interest, they can be approximated as
range of interest. Measurements performed at a few differefgnstants as follows:

frequencies provide the necessary information for resolving the
mix of several modes. A brief description of this technique has )?(w) ~ [X1, Xa, ..., Xx]. )
previously appeared in [17]. e

Transmitting !
antenna
antenna D) Jnknown mode mix )))

Y Y

T
(L

L

ooo
ooo
ooo
ooo

Coaxial cable

EvaluatingH (w) at M discrete frequency points, we can rewrite
[ll. TECHNIQUE (1) as

A. Concept Description XA=H (3)

Consider a conceptual setup shown in Fig. 1: a multimode ) ) L
waveguide with two coaxially fed antennas coupled into ¥/here theM-dimensional vectot! is
where one antenna is transmitting, and another antenna is .
sensing the mode content. Assume that the waveguide is straight H = [H(w1),H(ws), ..., H(w)] (4)
and is terminated on both ends with matched loads that prevent )
end reflections. The mode mix generated by the transmittiggd the matrixA consists of elements,.,,, = A, (wi,).
antenna is to be determined using the sensing antenna. The linear system given by (3) containé unknowns and
The information needed for mode content determination @&n be solved forX if the number of independent frequency
the frequency response between the two antennas, which caffg@surement points is greater or equal to the number of modes
measured by a network analyzer. Two assumptions critical fér be determined.
our method are: 1) the mode amplitudes excited by the transmit-
ting antenna are weak functions of frequency and 2) the cdu-
pling between the waveguide modes and receiving antenna i€\ matrix elementA,,,, represents the coupling of mode
known and can be calculated. excited by the transmitting antenna into the receiving antenna at
Fixing a sensing antenna position and sweeping the frequetleg frequencw,,,. For a generic antenna in a straight waveguide
allows one to obtain independent measurements, somewhat siith matched ends, it can be calculated in the following way.
ilar to fixing the frequency and moving the antenna along a slitin Assume that mode is excited by the transmitting antenna
a waveguide wall. The system frequency response values meéh an amplitudeX,,. The amplitude of this mode at the re-
sured at different points across the band can be used to findeiving antenna can be found a§,e~"~*, where~, is the
set of approximate mode amplitudes, which best approximataveguide propagation constant of madend L is the dis-
the measured data and are constant over the band. tance between the antennas. The field due to this mode induces

Matrix Calculation
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a currentl,, in the receiving antenna, which can be found using

a standard microwave technique for probe-waveguide coupling Cylindrical
(e.g., see Collin [18] and Pozar [19]) as Mo?opole ’ waveguide
antenna
4dp, Xpe 7L Coaxial cable —— Connector
Ly =———"— ®)
I,

Fig. 2. Coaxially fed monopole probe antenna in a cylindrical waveguide.

wherep,, is the normalized power carried by modein one
direction andz,, = fs € - ]‘ds is the integral that describes
the interaction of the normalized current distributipon the
antenna surfacé, with the normalized electric field of mode
n

and an attempt to include those modes into a mode set to be ex-
tracted can lead to an ill-conditioned mateix

Third, the number of independent frequency points must be
larger than the maximum number of propagating modes. The
spacing distance between the independent frequency points can
be estimated from the autocorrelation functi®fw) of the fre-
guency response defined as

The currentl,, due to mode: causes the voltagk, Z,, to ap-
pear on the receiving (sensing) antenna, whigrés the sensing
antenna impedance in moade Taking into account the mis-

match between the internal impedangg of the network an- w2
alyzer (and matching coaxial cable) and the total impedance of S(w) = H(w+y)H" (y)dy (8)
the sensing antenng,, one can write the voltagg, seen by “i

the network analyzer due to modeas wherew; andw, are the lower and upper frequencies of the

band. Note that the number of points used for mode content
Z, : .

o (6) analysis can be larger than the number of independent frequency
(Zo + Za) points. As long as the rank of the system given by (3) is greater
o ) . or equal to the number of modes to be extracted, a solution can

~Combining (5) and (6), onecan obtain the following expregse found. An overdetermined system actually results in a more
sion for matrix elements,,,..: accurate solution by providing a better fit of the frequency re-
sponse.

Zo Znpn oL
(Zo+ Z4) In

Apm = K a @)

IV. V ALIDATION

whereK is the constant that does not depend on the frequerfdsy Setup

wpm Or the mode index. It includes, for example, the effect T validate our mode extraction technique, we used it for
of mismatch between the network analyzer and transmitting akperimental extraction of the mode content excited in a
tennaimpedances. This effect can be considered to be frequemg)timode waveguide by an antenna whose mode amplitudes
independent in the band of interest due to our assumption t@ah be calculated theoretically: a monopole probe antenna
excited mode amplitudes are weak functions of frequency. TBgupled into a cylindrical waveguide, as shown in Fig. 2.
knowledge of constarit” is not necessary for extracting the rel-Thjs type of coupling has been well studied [21]. Typically, a
ative (normalized) mode distribution. sinusoidal current distribution is assumed on such an antenna,
QuantitiesZ,, Z,, pn, Zn, andy, depend on the frequencywhich allows one to calculate mode amplitudes and antenna
wn, and can be calculated for given waveguide cross section githedance as functions of waveguide diameter, operating fre-
chosen receiving antenna geometry. The analytical formulas ffency, and monopole length. Note that the monopole antenna
those quantities in a special case of monopole probe antennasygites all modes in phase, which means that mode amplitudes
cylindrical waveguides can be obtained from [20]. to be extracted are purely real.
For the waveguide, we used straight metal cylindrical HVAC
duct of 30.5 cm (12 in) in diameter. This is a typical duct
The accuracy of our method is affected by several factors.used in the U.S. The conductivity of the duct material (metal)
First, it depends on the degree of variation with frequency wfas assumed to be 408/m. We performed measurements
mode amplitudes excited by the transmitting antenna. This van- the 2.4-2.5-GHz frequency range, which contains the
ation depends on the waveguide size, operating frequency ramqgmular unlicensed industrial, scientific, and medical (ISM)
transmitting antenna characteristics, and should be minimal fmand. For 30.5-cm cylindrical ducts, this frequency range
good extraction results. A necessary condition is that no cuteffows propagation of 17 modes and does not contain any
frequencies of the analyzed modes must be near or within tinede cutoff frequencies. The antennas used were 3.1-cm long
frequency range of interest to avoid a strong frequency depdéapproximately a quarter-wavelength at 2.45 GHz) coaxially
dence of mode amplitudes. fed monopole probes located 9.2 m apart. In the experiment,
Second, the conditioning of (3) is important. The conditiothe distances from the antennas to duct ends were 0.25 and
number of matrixA is a function of distancé, the characteris- 0.38 m and the duct ends were left open.
tics of the sensing antenna, the chosen set of frequency pointdn heavily overmoded waveguides, open ends are good ap-
and the set of modes to be extracted. Some waveguide mogeximations to matched load terminations [22]. We determined
may be interacting with the sensing probe antenna very wealdynpirically (by comparing the fit of the model [20] to the data)

D. Requirements
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Fig. 3. Theoretically calculated mode distribution excited in a 30.5-cfaig. 5. Normalized magnitude of the frequency autocorrelation function for
cylindrical duct at 2.45 GHz by the 3.1-cm-long monopole probe antenna. the frequency response shown in Fig. 4.
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Fig. 4. Frequency response measured between two 3.1-cm monopole antennas

set 9.2 mapartin a 30_.5-cm straight cylindrical duct with open ends and poipig. 6. Normalized magnitude of the mode amplitudes excited by 3.1-cm
used for mode extraction. monopole in a 30.5-cm cylindrical waveguide as functions of frequency.

that, in our case, the reflection coefficient averaged over all|n the validation case considered here, it can be shown ana-
modes in the 2.4-2.5-GHz frequency range was on the ordigically that only the amplitude of mod&Eg; notably changes
of 0.1. over the 2.4-2.5-GHz frequency range. Fig. 6 shows the depen-
Fig. 3 gives theoretically calculated mode distribution excitegence of magnitudes of excited mode amplitudes on frequency.
in this waveguide at 2.45 GHz by this monopole probe (detaisne can see that, indeed, the amplitude of this mode has a strong
of calculation are given in [20]). Note thdlt,,, modes are not frequency dependence. Note thats; is a higher order mode,
excited by the radial vertical monopole because of their circufwhose cutoff frequency of 2.35 GHz is very close to the lower
ferential electric field. band frequency of 2.4 GHz.

B. Measurements C. Results

Fig. 4 shows the system frequency response measured b&ye extracted mode amplitudes for four modes sensed best
tween the antennas. The observed shape of the frequencypethe 3.1-cm monopole probe antenna in a 30.5-cm cylindrical
sponse depends on the excited mode distribution and the gy equide:TEq;, TEs;, TE41, andTEs;. From reciprocity
tance between the antennas. Interference between the mQggse are also the modes most excited by the same antenna when
results in maxima and minima (peaks and nulls) with specifife gntenna is transmitting. Table | lists the parameters of these

widths, depths, and positions. modes: cutoff frequency, group velocity (in terms of the speed

Fig. 5 shows the normalized magnitude of the autocorrelatignisnt ) attenuation constant, radiation resistance, and power
function computed for a frequency response shown in Fig. Carried by the mode (in percent of total radiated power).
The width of the central peak at the 50% signal correlation leve inear system given by (3) was solved inaMAB? using
(dashed line) can serve as an estimate for the coherence band- ' 7

. . . . . seudoinverse funct A) for 50 equally spaced fre-
width, which gives a spacing between independent frequenc pseudoinv unctigrinv(A) quatly sp

points. One can estimate from Fig. 5 that the coherence baﬁg_ency points in the 2.4-2.5-GHz band. The rank of the matrix

width is approximately 4.5 MHz, which means that 22 indepelg?-lven by the functionrank(A) was 4 (four modes were to be

dent frequency measurements can fit into a 100-MHz band. IMarLaB is a registered trademark of The Mathworks Inc., Natick, MA.
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TABLE |

PARAMETERS OF THE FOUR MODES (TEs;, TEs;;, TE4:, AND TE3;) MoOST
EXCITED IN A 30.5-cm GLINDRICAL DucTt BY A 3.1-cm MONOPOLE
PROBE ANTENNA AT 2.45 GHz

12, DECEMBER 2003

Mode | Cutoff Group Attenuation Radiation Power
(GHz) | velocity (dB/100m) resistance (Ohm) | (% of total)
TFE3 1.316 0.847 c 2.33 2.78 7.56
TE4 1.666 0.740 c 3.54 3.88 10.55
TEs, 2.010 0.584 c 5.64 5.68 15.44
TEg 2.350 0.316 c 12.67 11.74 31.93
4l [ ] Théoretical TE61
[ Extracted
o 0-8f 1 _
E g
g 0.6¢ 1 S
TE s
3 51
B 04 g
= <
TE TE4q
0.2 31 »
— Measured
-+- Reconstructed
0 -6 ' ' - -
1 2 3 4 4 242 244 2.46 2.48 2.5
Mode Frequency (GHz)

Fig. 7. Normalized magnitude of frequency-averaged theoretically calculate§- 8.  Magnitude of the measured and reconstructed frequency responses.
mode amplitudes and their values extracted from the frequency response shown

in Fig. 4 using our technique.

— Measmljred
extracted), and the condition number with respect to inversion -10} -+~ Reconstrucled |
given by the functioreond(A) was 2.3. N

Fig. 7 shows the normalized magnitude of theoretically cal- ~20r |
culated amplitudes of the four aforementioned modes and their :‘j_;-so»
values extracted from the measured frequency response using §
our technique. Theoretical values were averaged over the fre- §—40— *
guency band. One can see that theoretical and extracted mode — _g! "
amplitudes are in good agreement. The largest relative error
is observed for the mod€E3; whose interaction with the re- —60r
ceiving antenna is weak compared to other modes. Note that the 7 ‘ . ‘ ‘ Ny
distribution of normalized mode amplitudes presented in Fig. 7 94 242 2.44 2.46 248 25

is different from the distribution of mode powers given by Fig. 3 Frequency (GHz)

due to the fact that mode power depends not only on the mqﬁ?& 9. Phase of the measured and reconstructed frequency responses.

amplitude, but also on the power density carried by the mode.
Figs. 8 and 9 show the comparison (magnitude and pha%%)ct used for measurements (dents, junctions between the

of the measured frequency response and the frequency respaiise | o atc )

reconstructed using the extracted mode amplitudes. Itis mos%ﬁ/c I

the interference between these four most significantly excited

modes that determines the specific locations of peaks and nulls

in Fig. 8 and the slope of the curve in Fig. 9. Adding more modesWe observed in our experiments that measured frequency

introduces more variations into the frequency response (in tfesponse shape was rather insensitive to the small duct im-

presence of only one mode, the frequency response magnitpdefections (dents, etc.), and the mode extraction results were

would be very flat). consistent in various experiments that employed physically
One can see that the measured and reconstructed cudifferent duct sections connected together in different order.

shown in Figs. 8 and 9 are in good agreement. Differences &ke also found that setting to be large with respect to wave-

partially due to the fact that only four modes were used féength and choosing the modes that interact strongly with the

reconstruction, partially to mode reflections from open endsensing antenna improved the conditioning of ma#iand the

and partially to surface and shape imperfections of the HVA@sults of solving (3). Choosing more frequency points than

V. DISCUSSION
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the number of modes to be extracted also helped to improve4]
the accuracy of the solution by providing a better fit of the
frequency response.

For the purposes of illustrating and validating our mode con-
tent analysis technique, we considered only a simple vertical
monopole probe antenna used both for transmitting and sensing.
This antenna excites and senses modes, which have a nonzefr@
radial electric field. Other types of sensing antennas can be used
as well. For example, a dipole antenna with circumferential armsig)
that lie in the transversal plane would sense and excite modes
with a circumferential electric field. Even more effective mode
sensing and excitation characteristics can be obtained with a
multielement antenna array, which responds well to many modgé®]
mixes.

In future HVAC communication systems, transmitting an-[11]
tennas may be complicated phase-fed arrays, whereas the u
antennas may be simple monopoles or dipoles. Our mode con-
tent analysis technique would help to determine what modes
are excited by such transmitting antennas and what the optimtall3
mode mixes are that can be used for communicating with users.

The presented technique is not limited to straight waveguides,
but requires negligible mode conversion, reflection, and scaipy
tering between the transmitting and receiving antennas (to min-
imize the variation of mode amplitudes with frequency) and
ability to calculate coupling matrix elements.

(5]

(15]

VI. CONCLUSIONS [16]

This paper has presented a novel mode content analysis teghy,
nique that allows one to measure the mode content generated
by an antenna radiating in a multimode waveguide. The ability
to quickly analyze the excited mode mix is crucial to designingg;
an antenna that not only efficiently radiates the energy into the
waveguide, but also properly distributes this energy between tr%g]
modes.

The presented mode analysis technique is based on using a
single sensing antenna and performing measurements at dfﬁ'l]
ferent frequencies. The method works whenever the mode am-
plitudes excited by the transmitting antenna are weak function?]
of frequency. This is usually the case when there are no mode
cutoff frequencies within or near the frequency range of interest.

Comparison of the mode content calculated analytically and
extracted from experimental measurements confirm the validity
of our technique. The main advantage of the presented method is
its simplicity, which makes it very attractive for quick estimatior

of mode content generated by arbitrary transmitting antenr ‘

in such a multimode waveguide environment as an HVAC du !
system. Y
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