
tends to be sensitive to the tolerances in both the design and fabri-

cation, some related sensitivity analyses based on the proposed

parameters have been performed, and it is found that the tuning

distortion caused by the variation of resonant frequency of each

resonator have some noticeable effect on the desired response.

4. CONCLUSION

This letter presents the synthesis of a narrow-band bandpass fil-

ter for CDMA2000 communications systems, which has a 14-

pole general Chebyshev function response with a passband of

11.2 MHz at 830 MHz. The coupling matrix of the filter is

derived from cost function using nonlinear LM algorithm. The

filter response with two pairs of TZs for group delay self-equal-

ization and one pair of TZs at finite frequencies for high selec-

tivity requirement is implemented by using three CQ coupling

structures. The frequency responses demonstrating a good agree-

ment between the measured and the simulated specifications are

obtained. The proposed method can be further exploited for

various mobile communication system applications.
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ABSTRACT: We demonstrate the interferometry technique for the
refractive index measurements at subcentimeter wavelengths. The
method is based on a path length sweeping being introduced into one of

the interferometer arms, while the sample is tilted out of its normal
position with respect to the incident electromagnetic radiation. The

determination of the refractive index is realized through the recording of
the interference patterns at several tilt angles. VC 2011 Wiley

Periodicals, Inc. Microwave Opt Technol Lett 53:1193–1196, 2011; View

this article online at wileyonlinelibrary.com. DOI 10.1002/mop.25944

Key words: refractive index; subcentimeter wavelengths; interferometry
technique

1. INTRODUCTION

Electromagnetic radiation at centimeter and millimeter wave-

lengths [ultra-high frequency (UHF) 1–300 GHz] is widely used

in many areas of the microwave and radiofrequency techniques.

Most often, it is exploited in the radar and telecommunication

applications. Since the last decade, the telecommunication tech-

nology develops intensively in the direction of higher frequen-

cies having a goal of improving the data transfer speed. This

stimulates a search for new functional materials suitable for the

production of highly efficient antennas and radars in the UHF

region. The dielectric constant e (or the refractive index n ¼
e1/2) in that frequency range represent, in fact, one of the most

important characteristics for such materials playing a key role in

telecommunication technology. Precise determination of e and n
is strongly required by both designers and manufacturers of

antenna and radar systems, therefore, numerous efforts that have

been put in development of different laboratory setups. An

advantage has been given to various resonator techniques, such

as the open resonator systems (ORS) [1, 2] or the dispersive

Fourier transform spectrometers (DFTS) [3–5], rather than to the

waveguide (WG) methods [6–8]. In particular, the WG tech-

nique requires a specific preparation of the sample under test,

whereas the air gap between the WG and the sample usually

leads to a large error in the measurement result. In comparison,

the resonator technique may be considered as one of the most

accurate methods being applied at the millimeter–submillimeter

wavelengths to study transparent materials. The great advantage

of DFTS is that this is the only known technique, which simul-

taneously measures both the refractive index and the absorption

coefficient with a high precision [3, 5]. There are also several

other methods described (e.g., in Refs. 9–11), but their accuracy

is considerably lower comparing to DFTS or even ORS

techniques.

In this work, we demonstrate the interferometry technique

suitable for the precise refractive index measurements at sub-

centimeter wavelengths. Unlike the resonant methods described

TABLE 3 Specifications of the Proposed 14-Pole Filter

Specification Measured Simulated

Center frequency f0 830 MHz 830 MHz

Passband bandwith 11.2 MHz 12 MHz

Return loss �24 dB �23 dB

Insertion loss �0.5 dB �0.1 dB

Transmit band rejection �70 dB �70 dB

GD variation < 6 5 ns f0 6 3.5 MHz f0 6 3.3 MHz

GD variation < 6 10 ns f0 6 3.95 MHz f0 6 3.9 MHz

GD variation < 6 20 ns f0 6 4.55 MHz f0 6 4.5 MHz
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above, which record the interference pattern by a wavelength

sweeping, the registration of the interference fringes in our

method is performed at the fixed wavelength of the coherent

UHF radiation. It is based on a path-length sweeping being

introduced into one of the interferometer arms while the sample

is tilted out of its normal position with respect to the incident

electromagnetic radiation. The refractive index is determined by

the recording of the interference pattern at several tilt angles.

2. LABORATORY SETUP

Figure 1 shows the laboratory setup. It is based on the Mach–

Zehnder interferometer and is quite similar to the one described

in Ref. 12. The UHF radiation (f ¼ 33 GHz) is generated by the

Gunn’s diode and consequently is collimated by means of the

plastic lenses being set in both arms of the interferometer. The

parallel-plate sample is placed into one arm of the interferome-

ter and attached to the goniometric table providing the possibil-

ity of its angular orientation with the precision of about 0.01�.
To change the effective path length in one of the interferometer

arms, the tunable mirror can be displaced by means of the step-

per motor, operated via the personal computer. If the measured

samples are anisotropic, the grating polarizer and analyzer

should be added into the setup as shown in Figure 1. By sweep-

ing the position of the tunable mirror, one obtains the interfero-

metric fringes being registered by the detector. Accordingly, the

refractive index can be determined by measuring the distance

between the neighbor fringes, R, and the shift of the interference

pattern, r, which occurs due to a sample rotation from the initial

angular position, u1, to the final position, u2. In the following,

we derive the equation required for the determination of the re-

fractive index by the interference turning method. Such equation

appears to be considerably simplified if one of the angular posi-

tions, lets say u1, is set to zero, that is, one deals in this case

with the UHF wave incident normally to the sample faces. Here-

after, we will address it as zero position (ZP). The sample set to

ZP (u1 ¼ 0) induces the optical path length:

Dð0Þ ¼ nd; (1)

where d is the sample thickness. On the other hand, the sample

being tilted by the angle u2 ¼ u (see Fig. 1) is characterized by

the induced path length D(u), which reads as:

DðuÞ ¼ nd= cosu0 þ d � d cosðu� u0Þ= cosu0; (2)

Figure 1 Laboratory setup for the refractive index measurements in

subcentimeter range of the electromagnetic radiation based on the

Mach–Zehnder interferometer (a); the refraction of the electromagnetic

wave at the sample edges (sinu/sinu0¼ n) (b); and schematic representa-

tion of the interference pattern shift due to a rotation of the sample from

its initial angular position (u ¼ u1) to the final one (u ¼ u2) (c). [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 2 Interferograms of several samples made of different materials being measured by means of the laboratory setup shown in Figure 1. The black

curves are the interferograms recorded for the samples being set in ZP. The red curves are the interferograms measured for the samples tilted out from

ZP by an angle u. The magnitude of the tilt angle u and sample thickness d are specified in each panel. (a) Glass, (b) quartz (SiO2), (c) sapphire

(Al2O3), and (d) eulitine (Bi4Ce3O12). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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where u0 is the refraction angle defined by Snell’s law. For the

details regarding the derivation of Eq. (2), we refer readers to

the recent publications [13, 14]. The difference in the optical

path lengths dD ¼ D(u) – D(0) may be determined from the in-

terference pattern shift, whereas the sample is turned out from

its ZP on the angle u. Accordingly, it can be expressed as:

dD ¼ rk=R; (3)

where k is the wavelength of the UHF radiation. Considering

Eqs. (1)–(3) together one obtains the refractive index of the

sample:

n ¼ sin2 uþ Z2

2Z
; (4)

where Z value is:

Z ¼ 1� cosu� rk
Rd

: (5)

3. TEST AND MEASUREMENTS

The laboratory setup shown in Figure 1 has been tested for sev-

eral selected materials, both amorphous and crystalline ones.

The measured interferograms of the glass, crystal quartz (SiO2),

sapphire (Al2O3), and eulitine (Bi4Ce3O12) are shown in Figures

2(a), 2(b), 2(c), and 2(d), respectively. The black curves are the

interferograms measured for the samples being set in ZP,

whereas the red ones are the interferograms obtained for the

samples tilted out from ZP by an angle u. The tilt angle u and

the sample thickness d are specified for each measured sample

in a corresponding panel of Figure 2. Determining the distance

between the neighbor fringes R and the shift of the interference

pattern r, which occurs due to the sample tilting from its ZP,

one obtains the refractive index n by means of the Eqs. (4) and

(5). Table 1 lists the magnitudes of the refractive indices n
measured in this work at f ¼ 33 GHz, and similarly, the refrac-

tive indices of the same materials as determined by Volkov

et al. and Prokhorov et al. [15–18] at f ¼ 300 GHz. One can see

that the dielectric properties of these materials at submillimeter–

subcentimeter wavelengths exhibit a weak frequency dispersion

resulting in a rather small decreasing of the refractive index as

frequency lowers from 300 to 33 GHz. The accuracy of the re-

fractive index determination is, in our case, defined mainly by

the errors of measured tilt angle du, interferogram characteris-

tics dR and dr, sample thickness dd, and by the wavelength

instability of the UHF source dk. According to [19], the integral

error dn is about 7 � 10�3 in the subcentimeter region.

4. CONCLUSIONS

Taking together, we demonstrate the interferometry technique

for the refractive index measurements at subcentimeter wave-

lengths. In contrast to existing resonant methods, which record

the interference pattern by a wavelength sweeping, the registra-

tion of the interference fringes in our laboratory setup is per-

formed at the fixed wavelength of the coherent radiation. The

method is based on a path-length sweeping being introduced

into one of the interferometer arms, whereas the sample is tilted

out of its normal position with respect to the incident electro-

magnetic radiation. The determination of the refractive index is

realized through the recording of the interference patterns at

several tilt angles. The laboratory setup has been tested for sev-

eral selected materials, both amorphous and crystalline ones.
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