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Abstract. Reflected power measurement of antennas by
using an alternative microwave photonic system is pre-
sented in this paper. The proposed experimental setup is
based on optical mixing of two distributed feedback (DFB)
lasers, where combined beams are detected by a photo-
detector. The resulting photocurrent corresponds to
a microwave signal which is continuously tuned on band-
widths from 0 to 4 GHz. The obtained swept frequency is
applied to an antenna in order to measure its reflected
power. Error sources that limit the measurement accuracy
of optical mixing such as effect of power deviation in the
linewidth of the beat signal and errors introduced by extra
fixture are studied. Results of the measurements obtained
with the proposed photonic technique are calibrated and
compared with traditional electrical measurements. The
most important motivation on the use of the proposed tech-
nique in this paper lies in that with a simple configuration
we were able to characterize microwave devices in a very
wide frequency range, avoiding the use of a vector network
analyzer (VNA), and thus, a complicated and tedious cali-
bration procedure, contributing to the field of instrumen-
tation and characterization by using photonic techniques.
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1. Introduction

Currently, band-pass microwave systems such as
ultra-wideband antennas are traditionally characterized in

the frequency-domain through a VNA in an anechoic
chamber. It is well known that VNAs have become stan-
dard tools in indoor antenna-pattern and reflected power
measurements systems, which are based on measuring the
transmission coefficient at a given frequency [1], having
the flexibility of choosing the type of radiofrequency (RF)
source that can be used. Furthermore, the accuracy of the
measurement is rather intolerant to the imperfections in the
calibration process. A recent study proved that antennas
can be accurately measured in the time-domain using
a step-function time-domain reflectometer (TDR), without
the need of an anechoic chamber [2]. However the use of
an impulse generator in place of the step generator in
a TDR set-up has the advantage that more energy is avail-
able beyond a given frequency. In this same study the
spectra measured for both systems showed that the energy
in the impulse TDR reflection exceeds to the energy in the
step TDR reflection approximately 4 dBV at 3.1 GHz,
6 dBV at 6 GHz and 10 dBV at 8.2 GHz when it was used
a 23 ps impulse TDR compared with a 40 ps step TDR. On
the other hand, with the rapid development of optoelec-
tronic devices, the bandwidth of photo-detectors has
reached several tens of gigahertz, and accurate wideband
characterization of band-pass microwave systems becomes
attractive by using microwave photonic techniques. The
use of microwave photonic techniques in antenna meas-
urement systems opens a technological alternative of
reaching microwave signals well above of the standard
instrumentation as a microwave signal generators, scalar
network analyzers (SNA) or VNA. Among the methods
that could be used to measure the reflected power of anten-
nas there are those commonly used in the characterization
of the frequency response of photo-detectors such as:
swept frequency method [3], [4], pulse spectrum analysis
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[5], interferometric FM sideband method [6], high extinc-
tion ratio optical modulator [7] and optical heterodyne
method [8]. On the other hand, it is well known that with
the fast development of wavelength tunable lasers the
complexity of optical mixing measurement system is de-
creased and allows the method to be implemented easily.
An advantage of this method is that measurement system
could use a low-speed optical source, allowing for
a straightforward measurement in the frequency response
of photo-detectors and consequently the reflected power of
antennas under test. Another advantage of this technique is
that it does not need any high-speed light modulation
source; also, it is accurate and easy to carry out. The
unique limitation is the electrical bandwidth of the photo-
detector (PD) used. Recently optical mixing was used by
the authors to measure the reflected power of antennas in
the frequency range of 0-3 GHz [9]. However it was ob-
served that variations of output optical power cause
a change in the linewidth of the beat signal, introducing
errors into the reflected power in the optical measurement.
Now as an additional contribution to the article previously
published in [9], the authors have extended the results of
the measurements to 4 GHz. Furthermore we have used
a calibration method in order to remove the errors intro-
duced by the fixture and the laser output fluctuations.

2. Theoretical Description

2.1 Study of Laser Electrical Field

The wave front of a DFB laser source can be repre-
sented by its electric field

E(1) = E,(1+V (T)) expliRuv,t + p(1))] 1)

where E;, vy are the nominal amplitude and frequency
respectively; V(f) and ¢(f) represent the amplitude and
phase of the noise, respectively. Such a quasisinusoidal
signal has an instantaneous frequency defined as [10]
11 1 do(t)
v(it)=——Quvit+p{t)=vy +————- ()
(0) 27:dt( of + (1)) = Vo n di

Supposing the variation of the noise being slow compared
to the pulsation of the field wy= 2mtvy, and also considering
that these parameters are not correlated, the autocorrelation
function of the field E(7) is defined as [11]

Ce(7)= E21+Cy (z)]expli 7 )exp(C, (7) - C, (0))- (3)

From (3), Ci(7) and C,(7) are the autocorrelation functions
associated with the amplitude and phase of the noise
respectively.

On the other hand, the power spectral density
measured by an optical spectrum analyzer is related to the
autocorrelation function of the field £(¢) by [10]

SE(v)=Ii Ci(r)exp(-i2mve)dz - “)

In a DFB laser, the power spectrum Sg(v) has a Lorentzian
line shape with a full width at the half maximum (FWHM)

of Av as written by [12]
Av
SE(V): ) ®)

2alv—v, ) +[A2Vj2

2.2 Optical Mixing

The mixed optical intensity /() of two single fre-
quency laser beams with a frequency difference
vy, =|vy —v,|is given by [13]

I(t)z I +1, +2005(g0) LI, cos(vbt) (6)

where /; and /, are the received optical intensities, ¢ is the
angle between polarized directions of the two beams. The
photocurrent i, (t), therefore, is written as [13]

ic(t)z%{11+12+2F(v,,)cox(¢>r,12 cos{vyt)} (1)

where e is the electron charge, # is the quantum efficiency,
hv is the photon energy, and F(v;,) represents the frequency
response of PD. The last term in (7) corresponds to the beat
signal with a frequency of v,, usually this term is called
intermediate frequency (IF) and represents the microwave
signal. The power of the beat signal can be expressed as
follows [13]

P(vy)=[is s Ry (8)

where Ry=50 Q is the input impedance of the frequency

spectrum analyzer. [lvb L.ns 1S the mean square root of the

beat frequency photocurrent which is given by [13]

[iv,, ]rmS = %ZF(V,, )eos(@W1,1, - &)

Thus, the frequency response of photo-detectors can be
expressed as [12]

Flo)=—— {Pf:b)r- (10)
V25 Ceos(pN I,

From (10), it can been seen that if the output optical inten-
sities of two lasers, /; and ,, and the polarization differ-
ence ¢ can be kept as constants, the frequency responses
F(vp) of the photo-detectors can be obtained by measuring
the power spectrum of the beat signals P(v;). This optical
mixing technique is usually called Spectrum Power
Method (SPM). On the other hand, when the two DFB
lasers output beams, with line widths of Av; and Av,, are
mixed and detected, the power spectrum of the output beat
signal Sy(v) becomes [12]

Sy (V):

S

Avi+Av,

2
27r(v—vb)2 +(AV1 +AV2)

(11

2
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where v, is the center frequency of the beat signal. AF(V), 0, =F W), —FWy)r 1,
Therefore, the peak power of the beat spectrum in the p p
spectrum analyzer can be expressed as =10log| K P 10log| K Pv)
LI, L, (14)

2
P0u)= 22 1R o () ()

(12)

« J~vth/2 Av, + Av,
v

b—BJ2 2
2n(v—v, ) + (Avl ; 4v, J

dv

2
en 2 2 B
=2 — | I.I,R, Ja _
[hvj 2R, cos(p) (vb)Avl+Av2

In (12), B<<Av,+Av,/2 is the resolution bandwidth of

the spectrum analyzer. From (12), it follows that the peak
value is inversely proportional to the beat spectral line-
width Av, +Av,, and more sensitive measurements can be

expected by narrowing the beat spectral linewidth. Thus,
the frequency response of PD can be written as

1 {P(vb)r (13)

B R
2 o L,——
hv s(go) : 2Av]+Av2

The variations of the linewidth and lineshape cause
the variation of Sy(v) as described in (11). In that case,
errors will be introduced into the frequency response
measurement. This optical mixing technique when
linewidths of Av, and Av, are considered in both DFB
lasers is usually called Peak Power Method (PPM).
According to (10), the effect of the linewidth and the line-
shape on the frequency response measurement does not
exist. This shows that SPM is more accurate than PPM
when measuring the frequency response of the PD and by
consequence the reflected power of antennas.

F (Vb):

2.3 Effect of Power Deviations

Two error sources limit the measurement accuracy of
optical mixing: First, extra fixture, such as microwave
probe, bias tee, coaxial cable, etc., will degrade the meas-
ured power of the beat signal. Second, for tunable lasers,
the linewidth and power fluctuation with tuning wave-
length will lead to power fluctuation of the measured beat
signal. Beam fluctuation in linewidth and power has been
calibrated by using self-heterodyne measurement system
[13], however, the network between the PD and the electri-
cal spectrum analyzer was not considered. For an accurate
characterization in the PD frequency response and our
antennas, calibrations with more complete procedures were
developed in [14]. In this subsection both techniques are
analyzed. According to (10) the level variation of fre-
quency response measured in decibels (dB), caused by the
fluctuation of the term .[7,7, can be expressed by the fol-

lowing equation

2 2
=2.5log f —2.5log A
I P,
=025 -P,),

I, and P, are the output optical intensity and power at
a fixed voltage V), I, and P, are the optical intensity and
power at tuned voltage V,, and K is a constant. It is shown
in (14) that when the optical intensity of the tuned wave-
length varies from /; to I, the measured frequency re-
sponse of the PD will have a variation of 0.25 (P, — P,)gg.
According to (14), it was reported that the highest level
variation of frequency response caused by the variation of
optical power was about 0.2 dB when frequencies of the
beat signal were in the range from dc to 63 GHz [13]. In
addition, the optical power variations did not exceed
0.06 dB when the beat signal frequencies were within zero
to 20 GHz. Therefore, the effect of the optical power fluc-
tuation on the measurement accuracy of PD’s frequency
response can be neglected in a self-heterodyne measure-
ment system. On the other hand, the power of the beat
signal also is degraded as a result of the insertion of fix-
tures, which will cause error in PD’s frequency response
and by consequence the reflected power of antennas. Con-
sidering the fixture response as well as mismatches, the
real beat signal power at the v, frequency is related to the
measured power as

P(vb)reala‘cl(vb )‘2P(Vb)meas (15)

where C(v;) is the error coefficient at the frequency v, for
correcting fixture response and mismatches. Fig. 1 shows
the flow graph of the measurement system, where §*"

(i, j =1, 2) are the real scattering parameters of the device,
S,-f (i, j =1, 2) are the scattering parameters of the fixture,

and I is the electrical reflection coefficient of the electri-
cal spectrum analyzer. S;”“ (i, j =1, 2)can be regarded as

a combined network composed of two networks in series.
From Fig. 1 and by considering that the reflection coeffi-
cients of the electrical spectrum analyzer is zero the C;(v,)
can be expressed by
Total o F F QF F QF
S St + 8185 = 8115y
SH{-sk“r,)

Total o F F oF F QF

_ S St + 8585 =SSy
- .

S21

Ci(v,)=

(16)

Furthermore if the fixtures are well matched, C;(v;) can be
simplified as C,(v,)~1/Si. In that case the PD’s fre-
quency response can be obtained by

F(Vb )a P(vb)real A (17)
1,1, arctan(27B/ Av, + Av, )
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Fig. 1. The equivalent flow graph of the measurement system.

Considering extra fixture as well as laser output
fluctuations, the overall calibration formula can be
expressed as

F(Vb)a‘cl(vb)‘CZ(Vb)\/ P(V}) eas (18)

where C,(v,) is the error coefficient at the frequency v, for
correcting laser output fluctuations of linewidth and power
and can be expressed by

F(v,)
‘Cl(vh)‘m (19)
1
- \/ 1,1, arctan(27B/ Av, + Av, )’

Cy(vy) =

If the beat frequency can be swept continuously and the
angle between the polarized directions of the two beams is
kept stabilized, we can remove the errors introduced by the
extra fixture as well as the laser output fluctuations using
(19).

3. Experimental Results

3.1 Microwave Generation

According to the content introduced in the theoretical
description, the spectrum power method to measure the

beat signal power P(v;) is used in this paper. The experi-
mental setup used for generating microwave signals is as
shown in Fig. 2 of the reference [15]. In this experiment
two DFB laser diodes emitting at different wavelengths are
used. One of them is tunable and can be tuned over the
C band with a 25 GHz channel spacing, and the other is
a fiber-coupled DFB laser source with a central wavelength
at 1550 nm. For microwave signal generation, the output of
both lasers is coupled to optical isolators in order to avoid
a feedback into the lasers and consequential instabilities to
the system. A pair of polarization controllers is used to
minimize the angle between the polarization directions of
both optical sources. Thus, the polarization of the light
issued from each optical source is matched and therefore,
there is no degradation of the power levels in the micro-
wave signals generated in the PD (MITEQ model DR-
125G-A) with a typical optical to electrical transfer gain
(V/W) of 1900, and —3 dB bandwidth of 12.5 GHz. The
output of each controller is launched to a 3 dB coupler to
combine both optical spectrums. After that, an optical out-
put signal is received by a fast PD. The resulting photo-
current from the PD corresponds to the microwave beat
signal which is analyzed with an Electrical Spectrum Ana-
lyzer (ESA; Agilent model E4407B). The other optical
output resulting from an optical coupler is applied to
an Optical Spectrum Analyzer (OSA; Anritsu model
MS9710C) for monitoring the wavelength of the two
beams. DFB laser sources provide the ability to control not
only the output optical power of the fiber coupled laser
diode, but also the precise temperature at which the laser is
operating. Both controls can be used to tune the fiber cou-
pled laser diode to an optimum operating point, providing
avery stable output. In this way, it is observed that the
wavelength of the DFB laser is shifting when its tempera-
ture is varied with a scale of 1°C. Consequently, the beat
signal frequency is continuously tuned in the bandwidth of
the fast PD. For the optical mixing system used in this
paper, the data acquisition rate is limited by the time re-
quired to change and to stabilize the temperature of DFB
lasers. In that case and in order to guarantee a good stabili-
zation time of the laser controlled by temperature, it was
necessary to wait at least 3 minutes with the total meas-
urements when microwave signals were captured from
ESA with a resolution of 3 MHz, this being a limiting as-
pect when using an electric generator.

Fig. 2 illustrates the spectrums of five microwave sig-
nals generated with optical mixing technique. The gener-
ated signals are located at 1, 2, 3, 5 and 6 GHz when the
temperature of the DFB laser was tuned at different values
of temperatures. From this figure, we can see that the peak
values of the beat signals characterize the frequency re-
sponse of the PD on the bandwidth indicated above.

The spectrum powers of beat signals were measured
by using the power measurement function of the ESA.
Simultaneously, the peak powers of beat signals were
directly recorded from the peak point by using the function
“max hold”. The frequency response of the PD is obtained
by recording the trace of the spectrum power or the peak
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power at every frequency point. As a result of the power
levels that describe our PD’s frequency response, this
method has been used for measuring the antenna’s
reflected power.

104 Frequency Response of Photodetector (0 - 6 GHz) |

-
Beat Signals

Power (dBm)
)
(=]

=30 -
-40 -
_50 M
1 1 M 1 1
0 2 4 6
Frequency (GHz)

Fig. 2. Frequency response of photo-detector (0 — 6 GHz), by
using optical mixing technique.

3.2 Electrical and Optical Measurements

In order to measure the reflected power of the anten-
nas under test, it was necessary to use microwave signals
on the band from 0 to 4 GHz. These frequencies are inter-
nally generated by the tracking generator of the spectrum
analyzer as shown in Fig. 3. From this figure we can see
that the antenna under test is connected by using a direc-
tional coupler (Mini Circuits model ZGBDC6-362HP+),
allowing the reflected signal of the antenna to be measured
at the reflected port of the directional coupler and simulta-
neously displayed on the ESA.

Electrical
Spectrum Analyzer
| —

(T T 1]

Antenna Under Test

IReflected

Input \
" Ouput
Directional Coupler

Fig. 3. Experimental setup by using a standard electrical
spectrum analyzer.

On the other hand, Fig. 4 shows the experimental
setup used to measure the reflected power of the antennas
by using optical mixing of two DFB lasers. In this case, the
PD’s output was connected to the directional coupler’s
input port. The reflected signal of the antennas under test
was measured at the reflected port of the directional cou-
pler and displayed on the ESA. The beat frequency was
swept continuously over the PD’s bandwidth. In order to

be consistent with previous electrical measurements, we
have regarded the band from 0 to 4 GHz of our PD and the
same pair of antennas. Furthermore, in the experimental
setup, the angle between the polarized directions of the two
beams mixed was kept constant and the errors introduced
by extra fixture as well as laser output fluctuations were
removed using (18).

Electrical
Spectrum Analyzer

Antenna Under Test

DFB . -
Laser Optical Polarization

s Isolator Controller Photodetector L{eﬂected

Input \
Ouput

Directional Coupler

Optical
s Isolator

Optical

A/ coupler

Polarization
Controller

Optical
Spectrum Analyzer
1

1+ Tunable
DFB Laser

Optical Spectrums

Fig. 4. Experimental setup by using optical mixing of two
DFB lasers.

We have tested two different antennas which were
designed to operate between 1 and 4 GHz. (Signet Instru-
ments, antenna type S10 Dipole L/2 and Amitec Electron-
ics, antenna type patch inset fed). The reflected power
measurements of the antennas under test by using optical
mixing, calibrated method and electrical measurements are
displayed simultaneously in Fig. 5(a) and Fig. 5(b).

3.3 Electrical Measurement

Fig. 5(a) allows the minimum value of -26.54 dBm in
one of the antennas used in this paper to be measured at
1.25 GHz. This value corresponds to the reflected loss
parameter. By considering 0 dBm as reference value it is
possible to calculate the reflection coefficient as
RL(dB) = -20logyo|/] obtaining 7/=0.047. In this case
a VSWR = 1.049 was calculated according to (10) in refer-
ence [16]. Thus, we find there is a good matching between
the transmitter and the antenna since almost all power was
transmitted to the antenna at 1.25 GHz. On the other hand,
Fig. 5(b) shows the reflected power of the second antenna
used in this paper. These data indicate that the reflected
loss parameter of 21.75 dB was obtained at 1.25 GHz.
With this result, the reflection coefficient was /= 0.082
and the VSWR =1.178. In this case we also see there is
a good matching between the transmitter and the antenna
since almost all power was transmitted to the antenna at
1.25 GHz.

3.4 Optical Mixing Measurement

The minimum value of -33.91 dBm located at
1.25 GHz on the curve shown in Fig. 5(a) corresponds to
the reflected loss parameter when 0 dBm as reference value
is considered. It is well known that this value allows that
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voltage reflection coefficient to be computed by means of
RL(dB) = -20logyo//] obtaining /1= 0.020. From this result
a VSWR =1.04 was calculated. This value indicates that
practically all the power was transmitted to the antenna and
only a small amount of power was reflected. In other
words, there is a perfect matching between the transmitter
and the antenna in this frequency value (1.25 GHz). Trace
in Fig. 5 (b) shows the reflected power measurements of
the second antenna. We can obtain from the data that the
minimum value of -22.68 dBm located at 1.25 GHz on this
curve corresponds to the reflected loss parameter. Again,
this value is used to compute the voltage reflection coeffi-
cient by means of RL(dB)=-20log/] obtaining
IN=0.073. With this last value we can calculate
a VSWR = 1.157. Again, we can assert that there is a good
match between the transmitter and the antenna.

Antenna Under Test 1

0 L L
5
S -10 4 -
1o
o
]
=}
o
- -204 -
2
o
2
EJ —— QOptical Mixing Measurement
-30 J— Optical Mixing Calibrated
Electrical Measurement
T v 1 v 1 v 1 v
0 1 2 3 4
Frequency (GHz)
(a)
Antenna Under Test 2
0
3
m 104
K=
=
@
]
o]
o
- -20-4
2
@
5 |
& ——— Onptical Mixing Measurement
-30 4 Electrical Measurement =
——— Optical Mixing Calibrated
T T T T T T v
0 1 2 3 4
Frequency (GHz)
(®)
Fig. 5. Reflected power of the antennas under test by using

optical mixing, calibrated method and electrical
measurements.

3.5 Calibrated Method Measurement

On the other hand, in order to compare the results
obtained by considering electrical and optical mixing

measurement, it was necessary to include an additional
trace on Fig. 5 that shows calibrated data of the reflected
power measurements of the two antennas used in this

paper.

From Fig. 5 we can see that optical mixing through
the Spectrum Power Method allows accurate measurements
of antenna systems to be done in the frequency-domain.
Moreover the comparison of the results in this figure shows
that optical mixing is in a good agreement with the experi-
mental results obtained with electrical method. In addition
we note that data on the band from 0 to 4 GHz indicate that
the proposed calibration procedures can effectively remove
the errors introduced by the fixture and the laser output
fluctuations and a slight improvement in measurement
accuracy has been achieved compared with only optical
mixing. The proposed method can reduce the requirements
in both laser output stabilities and fixture frequency per-
formance, which is suitable to measure the reflected power
of antennas in a very wide frequency range.

4. Conclusion

In this paper we have presented reflected power
measurements of antennas by using optical mixing tech-
nique. With the proposed photonic method, we obtained
microwave signals continuously tuned over the PD’s fre-
quency response. The antennas under test were connected
to the proposed experimental setup and the reflected power
was measured in the frequency range from 0 to 4 GHz. The
experimental results obtained with this technique were
compared to that obtained with the traditional method
which uses a microwave signal that is internally generated
by the tracking generator of a spectrum analyzer. We high-
light the advantage of the proposed photonic technique
thus avoiding a calibration procedure if a VNA is used.
Results with both techniques were in good agreement. On
the other hand, we have explained that because of the
variations of the linewidth and lineshape of the optical
spectrum output, errors can be generated in the frequency
response measurement, so we proposed a calibration
method in order to remove the errors introduced by the
fixture and the laser output fluctuations. Good agreement
between calibrated reflected power and electrical method
has been achieved. The accuracy is greatly influenced by
the quality of the directional coupler. In our case with di-
rectivity of 26 dB it was of 1.2 dB and can be improved by
using a directional coupler with directivity > 40 dB to
maintain +1 dB uncertainty in order to be competitive with
scalar vector analyzer. As proposed, the microwave
photonic method is capable of generating continuously
tuned microwave signals; alternatively, we can use this
feature not only to measure the reflected power of antennas
but also to measure the frequency response of microwave
filters, microwave photonic filters and photonic devices in
a wideband frequency range. The key advantage and con-
tribution of this structure is that optical mixing of two dis-
tributed feedback lasers as an alternative method of meas-
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urement in a very wide frequency range, allows the use of
a SNA to be removed. Another practical application of this
technique was successfully demonstrated by the authors in
[17], when a microwave signal obtained by using optical
heterodyne technique was used to drive a Mach-Zehnder
intensity modulator in a scheme hybrid fiber-radio. Finally,
the experiment’s innovative methodology allows students
to have the opportunity of verifying quantitatively and
deeply the reflected power measurements in the antenna’s
characterization, as well as hands-on experience in fre-
quency response measurements of high-speed photo-de-
tectors. The experiment is quite suitable for undergraduate
and postgraduate optoelectronics and antennas courses.

Acknowledgements

This work was supported by the Mexican Consejo
Nacional de Ciencia y Tecnologia (CONACyT), Project
number 102046.

References

[1] FARZANEH, S., OZTURK, A. K., SEBAK, A. R., PAKNYS, R.
Antenna-pattern measurement using spectrum analyzer for systems
with frequency translation. [EEE Antennas and Propagation
Magazine, 2009, vol. 5, no. 3, p. 126-131.

[2

—

MCCABE, S., SCOTT, J. Measurement of antennas and micro-
wave components using time-domain reflectometry of a voltage
impulse. [EEE Microwave and Wireless Components Letters,
2011, vol. 21, no. 11, p. 634-636.

3

—_—

BANG HONG ZHANG, NING HUA ZHU, WEI HAN, JIAN
HONG KE, HONG GUANG ZHANG, MIN REN, WEI LI,
LIANG XIE Development of swept frequency method for meas-
uring frequency response of photodetectors based on harmonic
analysis. IEEE Photonics Technology Letters, 2009, vol. 21, no. 7,
p. 459-461.

XUMING WU, JIANGWEI MAN, LIANG XIE, JIANGUO LIU,
YU LIU, NINGHUA ZHU A new method for measuring the
frequency response of broadband optoelectronic devices. [EEE
Photonics Journal, 2012, vol. 4, no. 5, p. 1679-1685.

[4

[}

[5] SHAO, Y., GALLAWA, R. L. Fiber bandwidth measurement
using pulse spectrum analysis. Applied Optics, 1986, vol. 25, no. 7,
p. 1069-1071.

[6

[}

EICHEN, E., SILLETTI, A. Bandwidth measurements of
ultrahigh-frequency optical detectors using the interferometric FM
sideband technique. IEEE Journal of Lightwave Technology, 1987,
vol. 5, no. 10, p. 1377-1381.

[7

—

INAGAKI, K., KAWANISHI, T., IZUTSU, M. Optoelectronic
frequency response measurement of photodiodes by using high-
extinction ratio optical modulator. /[EICE Electronics Express,
2012, vol. 9, no. 4, p. 220-226.

8

[t}

DENNIS, T., HALE, P. D. High-accuracy photoreceiver frequency
response measurements at 1.55 pm by use of a heterodyne phase-
locked loop. Optics Express, 2011, vol. 19, no. 21, p. 20 103 to
20 114.

[9] HERNANDEZ-NAVA, P., BAYLON-FUENTES, A., GARCIA-

JUAREZ, A., ZALDIVAR-HUERTA, L. E., GOMEZ-COLIN, R.,

—

ROJAS-HERNANDEZ, A., RODRIGUEZ-ASOMOZA, I,
AGUAYO-RODRIGUEZ, G. Optical heterodyne as an alternative
technique for reflected power measurement of antennas. In /EEE
Proceedings of International Conference on Information
Photonics. Ottawa (Canada), 2011, p. 1-2.

[10] RUTMAN, J.,, WALLS, F. L. Characterization of frequency
stability in precision frequency sources. Proceedings of the IEEE,
1991, vol. 79, no. 6, p. 952- 960.

[11

—

DHERBECOURTA, P., LATRYA, O., JOUBERTA, E., DIBINB,
P., KETATA, M. Achieving of an optical very high frequency
modulated wave source using heterodyne technique Optics Com-
munications, 2002, vol. 202, no. 1-3, p. 81-90.

[12

—

KAWANISHI, S., TAKADA, A., SARUWATARI, M. Wide-band
frequency-response measurement of optical receivers using optical
heterodyne detection. Journal of Lightwave Technology, 1989,
vol. 7, no. 1, p. 92-98.

[13

[t}

HAISHENG SAN, LIN LI, GANG LI, XUYUAN CHEN,
BOXUE FENG Frequency response measurement of high-speed
photodetectors using the spectrum power method in a delay self-
heterodyne system. Applied Physics B, 2007, vol. 88, no. 3, p. 411
to 415.

[14] ANG MIAO, YONGQING HUANG, HUI HUANG, RUI WANG,
SONG WANG, XIAOMIN REN Wideband calibration of
photodetector frequency response based on optical heterodyne
measurement. Microwave and Optical Technology Letters, 2009,
vol. 51, no. 1, p. 44-48.

[15] GARCIA JUAREZ, A. ZALDIVAR HUERTA, 1. E.,
RODRIGUEZ ASOMOZA, J., DE ROCIO GOMEZ COLIN, M.
Photonics components for analog fiber links. Optical Communica-

tions, Chapter 7, Intech, 2012, p. 129-166.

[t}

[16

[}

SEVGI, L. The antenna as a transducer: Simple circuit and electro-
magnetic models. /EEE Antennas and Propagation Magazine,
2007, vol. 49, no. 6, p. 211-218.

[17] HERNANDEZ-NAVA, P., BAYLON-FUENTES, A., ZALDi-
VAR-HUERTA, I. E., RODRIGUEZ-ASOMOZA, J., GARCIA-
JUAREZ, A., AGUAYO-RODRIGUEZ, G., OLVERA-CERVAN-
TES, J. L. Microwave hybrid fiber-radio system based on optical
heterodyne technique. In JEEE Proceedings International Confer-
ence on Information Photonics. Ottawa (Canada), 2011, p. 1-2.

About Authors ...

Alejandro GARCIA JUAREZ was born in Tierra
Blanca, Veracruz, México. He received his B.S degree in
Electronic Engineering from Universidad Auténoma de
Puebla, México in 1998, and his M.S and PhD degrees in
Optics with a specialty in optoelectronic systems from the
Instituto Nacional de Astrofisica, Optica y Electronica,
Tonantzintla, México in 1999 and 2005, respectively. He is
currently a titular professor-researcher with the Department
of Research in Physics of the Universidad de Sonora,
Meéxico. His current research interests are primarily in fiber
optics communication systems and microwave photonics.

Ignacio E. ZALDiVAR HUERTA was born in Izicar de
Matamoros, Puebla, México. He received the B. S. degree
in Electronic Engineering from Universidad Auténoma de
Puebla in 1992, the M. S. degree in Microelectronics from
the Instituto Nacional de Astrofisica, Optica y Electronica
(INAOE) Puebla, in 1995, and the PhD. degree in Sciences
for Engineering from the Universit¢é de Franche Comté,



1274 A. GARCIA JUAREZ, ET AL., REFLECTED POWER MEASUREMENT OF ANTENNAS BETWEEN 0 AND 4 GHZ ...

Besancon, France, in 2001. He is currently a titular re-
searcher with the Department of Electronics at the INAOE.
His current research interest is primarily in fiber optics
communication systems.

Antonio BAYLON FUENTES was born in Huamuxtitlan,
Guerrero, México. He received the B. S. degree in Elec-
tronic Sciences from Universidad Auténoma de Puebla in
2009, the M. S. degree in Electronics from the Instituto
Nacional de Astrofisica, Optica y Electrénica (INAOE)
Puebla in 2011, and M. S. degree in Physics, Information,
Communications and Systems from the Université de
Franche Comté (UFC), Besangon, France, in 2012. He is
currently a Ph.D student in the Department of Optoelec-
tronics in the institute FEMTO-ST at the UFC. His current
research interest is primary in Liquid Estate Machine
(LSM) and Reservoir Computing (RC) in neuromorphic
photonic computing.

Maria del Rocio GOMEZ COLIN was born in Tlaxiaco,
Oaxaca, México. She received her B.S degree in Electron-
ics Engineering from the Instituto Tecnologico de Oaxaca,
Meéxico, in 1997, and her MS degree in Optics with spe-
cialty in optoelectronic systems from the Instituto Nacional
de Astrofisica, Optica y Electronica, Tonantzintla, México
in 2001. She is currently an associate professor researcher
with the Department of Physics of the Universidad de

Sonora, México. Her current research interests are primar-
ily in optoelectronic systems and holography.

Jorge RODRIGUEZ ASOMOZA was born in Puebla,
México in 1971. He received his B.S. degree in Electronics
and the M.S. degree in Optoelectronics from the
Benemérita Universidad Auténoma de Puebla (BUAP),
Meéxico, in 1996 and 1997, respectively. In April 2001, he
received his Ph.D. degree from the National Institute of
Astrophysics, Optics and Electronics (INAOE), in
Tonantzintla, Puebla, México. Since August 2001, he has
been a professor at the Department of Computing, Elec-
tronics and Mechatronics Engineering of Universidad de
las Américas, Puebla, where he works in electronics, opto-
electronics for electric signal sensing systems and signal
processing.

Armando G. ROJAS HERNANDEZ is a professor in the
Physics Research Department at the Universidad de Sonora
(UNISON). He received his B.S in Electronics from The
Benemérita Universidad Autonoma de Puebla (BUAP) in
1996. He received the M.S degree in 2000 and his PhD in
2006. Dr Rojas was post-doctoral fellow (2006-2008) in
the Centro de Componentes Semicondutores (CCS) at
Campinas University, Brazil focusing on the design of the
Ultrafast Power Diode with Epitaxial Wafer. Currently, he
has expanded his research to Spectroscopy to study deep
levels in varied materials.



