JOURNAL OF THE KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 10, NO. 4, DEC. 2010 JKIEES 2010-10-4-14

Vector Network Analysis Using a One-Path, Frequency-Multiplied
Photonic Link
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Abstract

A simplified, practical vector network analyzer (VNA) that uses mature radio-over-fiber technology has been
designed and demonstrated. The measurement concept allows the full S-parameters of a microwave device (or antenna)
to be obtained while minimizing the detrimental effects of electrical cables, which are replaced with a photonic link.
A variety of high-frequency light modulation schemes with frequency sweeping capabilities are presented to realize
a one-path (single, forward), frequency-multiplied optical link for VNA applications. Using the photonic one-path link,
full two-port S-parameters have been extracted based on five-term error modeling, which has half the error terms
compared with the standard duplex configuration. The S-parameters of a microwave filter and antenna measured using
frequency-multiplied optical links are found to be in good agreement with those obtained using a conventional VNA.
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[ . Introduction

The impedance or transfer function performance of
microwave devices has generally been evaluated by mea-
suring scattering (S)-parameters over their operating fre-
quency range. To obtain the S-parameters as arrays of
complex numbers, commercial vector network analyzers
(VNAs) have been widely employed. Although the use
of an electrical network analyzer has become a standard
method for impedance measurement over the past four
decades, there are some remaining challenges due to the
lossy and noise-susceptible electrical embodiment, espe-
cially for high frequency applications. For instance, in
measuring an insertion/return loss of an antenna in a
huge measurement chamber or across potentially long
distances in open-area test sites, the cost of lengthy cables
and extra components, such as amplifiers, used to compen-
sate the cable losses become a concern. Moreover, the
intrinsic characteristics and electromagnetic compatibility
performance of a device under test (DUT) - and in
particular antennas - are often affected by the presence
and even arrangement of the cascaded metallic cables
[1~3].

To counteract these detrimental influences, mature op-
tical telecommunications techniques have been adopted
over the last decade [4]. For instance, laser diode light,
which serves as an optical carrier, is electro-optically
modulated with microwave sidebands. The sidebands
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can be optically delivered over fairly long distances
through optical media and finally demodulated to obtain
the electrical version of signals for microwave applica-
tions. Concerns with the use of metallic cables are sig-
nificantly mitigated by replacing the majority of elec-
trical interconnections with optical links. Besides optical
links having immunity to electromagnetic interference,
the bandwidth (BW) of microwave networks can be sig-
nificantly enhanced using nonlinear optical light modu-
lation techniques [5S~14]. This is due to the rapid devel-
opment of high-frequency light modulation schemes that
can accommodate an expanded number of channels with
higher data transmission rates.

In this paper, we have achieved what we believe to
be the first implementation of a VNA using a frequency-
multiplied optical link system. The performances of our
system using both fundamental and frequency- doubled
optical links are cross-checked, with one-port and two-
port calibrations, versus a conventional VNA. A frequency-
quadrupling technique, its challenges, and realization are
also discussed.

The photonic single-forward one-port VNA system
with three-term error modeling is introduced in Section
I and then the system is extended for the full two port
S-parameters analysis adding two more error terms in
Section II. Finally, the modified system using a down-
mixing technique for practical high-frequency antenna
measurement is presented in Section IV.
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I . One-Port Calibration with a Photonic Link

In most conventional electronic VNAs, the two ports
of the instrument are bidirectional. Thus, each port can
transmit and receive signals through common paths.
Even for one-port measurements, the port is generally
intended to transmit and receive power from an antenna
(i.e., a reflection) or DUT. It is a challenge to share the
common path in order to replace an electrical path with
an optical link because the optical link going from the
laser to the detector is inherently unidirectional. There-
fore, another port is needed as a receiver port. Here,
rather than using an expensive VNA that has the option
to assign each port as a respective transmitter- or re-
ceiver-only port, we employed a discrete and cost-effec-
tive optical link configuration for one-port calibration.

Fig. 1 is the one-port calibration system with an opti-
cal link, consisting of 1,550 nm standard optical tele-
communication parts. For conventional fundamental or-
der amplitude modulation, the DC bias is set to the cen-
ter of the cosine-squared modulation slope, and thus the
light is linearly modulated in response to the electrically
driven signals. The power level of the radio frequency
(RF)-modulated light is adjusted to be approximately 1
mW to avoid photodiode saturation. The light is then
demodulated through a photodiode and the demodulated
RF components are transmitted from the 50-Q output
port of the diode to the electrical receiver system. This
serves as a closely located virtual RF source for the
electrical calibration system.

The RF input power is divided into two, with half
being delivered to port 1 and half being used as a
reference to resolve the relative amplitude and phase
information at coupling ports 4 and R. To calibrate port
1 as a virtually perfect reflectometer, we employed the
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Fig. 1. One-port calibration system with optical link (DFB
LD: distributed feedback laser diode; EOM: elec-
tro-optic modulator; PC: polarization controller; PD:
photodiode). The gray and black lines are optical
and electrical connections, respectively.
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Fig. 2. Three-term error model for one-port calibration.

conventional three-term error model [15, 16]. This mod-
el deals with three dominant and systematic error terms
in an actual reflectometer, known as the directivity (eg),
port match (e;;), and reflection tracking (ejpeq;) errors at
the port; these terms are readily extracted using Eq. (1).

€0 1 Flle - Fl le
en|= |1 I3, — L) |1

where 4. =ewei; —eweor, [i, and 7[5, (I =1,2,3) are
known DUTs (such as calibration kits) and their meas-
ured reflection values, including errors, respectively.

The reflection values are expressed as A /Rrer (=),
where, in order to resolve the phase information, the
subscript indicates that each 4 and R is the value with
respect to the reference signal. We extracted the three
error terms with an N-type short-open-load (SOL) cali-
bration kit (Agilent Technologies: 85054B) and mea-
sured three standard mismatch loads. The voltage stan-
ding wave ratios (VSWRs) for the standard loads we
employed were 1.2, 1.5 and 1.75; such loads are com-
monly used to verify the performance of a VNA. Here,
we used these reference loads to evaluate our one-port
calibration system. Each error-compensated value (black
lines: 1~1,000 MHz) in Fig. 3 agrees well with that
measured with a commercial VNA (gray lines: 50~1,000
MHz). The bandwidth of our current system is 1 GHz,
limited by our photodetector (New Focus: 1611-FC-AC)
and read-out instrument (Agilent Technologies: 8508A).
However, unlike most commercial VNAs, this type of
homemade system readily covers lower bands down to
1 MHz or even less by supplying an appropriate elec-
trical source.

II. Two-Port Calibration with Frequency-Folded
Optical Link

3-1 Source Generation for Two-Port Calibration

One of the modern trends of radio-over-fiber (RoF) tech-
nology is very high-speed light modulation, used in
order to accommodate the exploding demand for more
channels with faster rates. Multiplication of modulating
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Fig. 3. Reflection coefficients of three standard mismatch
loads measured using the photonic link network analy-
sis system (black solid lines: calibrated; black dashed
lines: uncalibrated) and a commercial VNA (gray
lines: calibrated). All the data are measured with 1
MHz step resolution.

frequencies by enhancing the nonlinearity of electrooptic
modulators (EOMs) has garnered great attention for sev-
eral years [5~14]. The most common and straightfor-
ward type of frequency multiplication is doubling, which
can be readily achieved by simply shifting the DC bias
of an electro-optic modulator to one of its minimum
(null) intensity transmission points [9, 10]. This scheme
does not require modifying the optical link configuration
in Fig. 1.

For higher even-order harmonic frequency generation,
a second EOM is employed to boost the nonlinear mo-
dulation slope of the set of modulators. Numerous effi-
cient methods have been reported for this process [5~38,
11~14]. One simple and widely used frequency-quad-
rupling configuration is a cascaded arrangement, as
shown in Fig. 4 [6, 13, 14]. The DC bias values for
each EOM are generally set at null transmission points,
as in the second-harmonic generation case, to suppress
odd-order harmonics. To suppress undesired even-order
harmonics (especially the second harmonic for quad-
rupling), the relative phase offsets to each EOM must be
+90°. This quadrature phase condition can be realized
by adjusting the RF phase for one EOM or the optical
phase delay between the two EOMs.

Efficient frequency quadrupling can be successfully
achieved by effective quadrature phase cancellation. How-
ever, since the phase relations are strongly related to the
operating frequencies, such 'in-quadrature' conditions are
usually met only at particular frequencies. For instance,
Fig. 5 shows the evolution of the even-order harmonics
with different phase conditions between the two modu-
lators. In our setup, we used two identical RF cables
and thus there is no electrical phase difference for the
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Fig. 4. Frequency-quadrupling configuration with cascaded
electro-optic modulators (EOMs) (black lines: elec-
trical connections; gray lines: fiber optic connec-
tions). (DFB LD: distributed feedback laser diode;
PS: power splitter; PC: polarization controller; PD:
photodiode).
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Fig. 5. Frequency-folded spectra by cascaded electro-optic
modulators. The black and gray solid (and dashed)
lines are for the in-(and out-of) quadrature condition
for the fourth (and second) harmonic generations.

inputs to the EOMs. The only delay is the optical fiber
delay between the EOMs. For example, the second-order
components are best suppressed at 227.314 MHz of RF
feeding with +13 dBm (solid black spectra). The next
second-order suppression occurs at 254.683 MHz, which
corresponds to the next-order in-quadrature condition.
On the other hand, the second-order components are
maximized at the middle of the in-quadrature conditions,
where the components constructively combine (i.e., out-
of-quadrature conditions).

Although this frequency-multiplying scheme can sup-
press undesired harmonics 30 dB below the multiplied
signal (thus making it suitable for single-tone source
generation), there is a distinct challenge to apply it as
a tunable source having a fixed phase delay. It is possi-
ble to adjust a phase delay to maximize the quadrupling
efficiency at certain frequencies by shifting an electrical
or optical delay. Thus, we should technically be able to
control the in-quadrature condition as the driving fre-
quency changes. In practical situations, the 27.37 MHz
mode spacing between two in-quadrature conditions (=
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Fig. 6. Conversion efficiency of the RoF optical link. The
black (or gray) dashed line is the driving power to
an EOM and the black (or gray) solid line is the
converted power (all data are measured with 0.2
MHz step resolution).

|254.683 ~227.314| MHz) corresponds to 36.536 ns (=
180° phase shift). To compensate for such a mode phase
drift, 5.48 meters of a controllable round-trip free-space
delay path between EOMs is required. Even such a long
optical path control would yield only 109.48 MHz of
fourth harmonic bands, which is inadequate for typical
network analyzer applications. However, since this fre-
quency-folding technique is advantageous for millimeter
wave applications rather than ~GHz ones, the optical
delay scale will be reduced accordingly.

Here, we used fundamental and second-order harmo-
nics of the EO-OE conversion scheme to create reliable
frequency sweeping solutions. Using a single EOM, as
in Fig. 1, the phase drifting problem associated with
multiple EOMs is removed. The spectral power of elec-
trical driving and the resulting power to the DUT are
shown in Fig. 6 for the respective fundamental and se-
cond-order harmonic methods. The black (gray) dashed
line is the driving power to an EOM and the black
(gray) solid line is the EO-OE converted power that is
to feed the DUT. The converted power is affected by
the response of the EOM and photodiode, and the small
ripples in the converted power can be reduced using an
optical isolator. Although the EO-OE converted re-
sponses are less uniform than those of the system fed by
a conventional RF source, it is not detrimental for S-pa-
rameter measurement because of the calibration proce-
dure in the next section.

3-2 Two-Port Calibration with Photonic Link

In a calibration and measurement system, the RF cali-
bration operation does not distinguish whether the in-
coming microwave signals are generated by a nonlinear
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Fig. 7. Two-port VNA calibration system (unused ports
need to be terminated with a 50 & load).
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Fig. 8. Five-term error model for two-port calibration (a
through is for ejpesz and ex).

process or are delivered optically/electrically, as long as
they maintain good spectral quality. Thus, we can sim-
plify an optical link system as an RF source module and
move on to the two-port calibration. The extended sys-
tem based on Fig. 1 is presented in Fig. 7.

The conventional error model for calibrating the for-
ward one-path, two-port system is a five-term error
model [15, 16]. With a second port (port 2), transmi-
ssion tracking (eje32) and port 2 mismatch (ez2) terms
are added, as shown in Fig. &.

The error terms associated with port 2 (ejpe32 and es2)
are extracted by a Thru (=through) calibration proce-
dure. Measuring the referenced values at each coupling
port, Ry, Ao, and By, then ez and ejpesr, in terms of
the raw transmission and reflection values and other er-
rors, are expressed as Eq. (2).

A, )

ref
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(Ref
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—
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B
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b

(2)

The five error terms enable the measured S-parame-
ters (Sy) to be transformed into those of the actual DUTs.
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In conventional duplex error-term modeling, the reverse
error terms are also considered because most commer-
cial networks switch the signal flow path during meas-
urement for convenience. However, it is a challenge to
replace partial electrical connections with an optical link
and it becomes more costly to implement the bidirec-
tional configuration. Thus, modifying the bidirectional
ten-term error model for one-path forward modeling, the
fully calibrated S-parameters with five error terms can
be expressed as Eq. (3).
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Note that the calibration of each S-parameter requires
all four measured S-parameters with five forward error
terms. Measuring A, /Ryr and By /R, with a DUT
yields S;;» and Sz;» and reversing the DUT’s ports gives
Soom and S, respectively.

To try out the calibration process initially, the full
S-parameters of a flat-top band-pass filter that had a 3
dB bandwidth of 742.6~777.6 MHz were measured
(Fig. 9). The filter was characterized using the funda-
mental and frequency-doubling optical links, and each
result was compared with those of a VNA.

The two EO-OE converted swept band feeds were re-
spectively used to analyze the DUT and their trans-
mission and reflection values were compared using a
commercial VNA (Agilent Technologies, E8361C). The
reflection curves agree well, except at reasonably low
levels around approximately —30 dB. Also, the trans-
mission plots are indistinguishably matched, except at
their noise floors, which are fundamentally determined
by the capability of the vector read-out instrument. The
noise level could be lowered by employing a lock-in de-
tection scheme, which has ultra-narrow band-pass capa-
bility around the signal of interest.

IV. Application of Optical Link to High-Frequency
Antennas

Although the results of Section Il confirm that an op-
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Fig. 9. S-parameters of a band-pass filter (a) Reflection (b)
Transmission (black solid lines: fundamental optical
link; gray solid lines: frequency doubling optical
link; black dashed lines: conventional VNA). The
|S21] plots within the pass band are indistinguishably
overlapped.

tical link can provide the same performance as conven-
tional methods in sub-GHz bands, an optical link not
only would be more advantageous for use at higher fre-
quencies, but it could also overcome the electronic limits
of conventional methods. The relatively low 1 GHz
bandwidth can be extended considerably to the higher
bands using a frequency-multiplied photonic local oscil-
lator (LO) sideband on the optical carrier beam and the
electrical heterodyne down-conversion scheme [10].
Fig. 10 shows the one-port calibration system using
the down-converting optical link. This is basically an
extension of the configuration in Fig. 1, with the addi-
tion of a frequency-multiplied LO light-modulation link
to down-mix the signal frequency to an intermediate
frequency (IF) within the bandwidth of an RF lock-in
amplifier. Each link consists of a 15 GHz BW amplitude
modulator (JDSU: OC-192) and a 20 GHz BW photo-
detector (EM4 inc: EM169) to be used for the EO-OE
conversion. The RF signal link also uses the frequency-
doubling scheme of Ref 10 to expand the system fre-
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Fig. 10. One-port calibration system with heterodyning opti-
cal link (the gray and black lines are optical and
electrical connections, respectively); EOM is a stan-
dard telecommunications electro-optic modulator, DC
is the dc bias for the modulators, and LD is a laser
diode.

quency response above 15 GHz, for upper-Ku and K-
band applications, so that nearly no components or in-
struments having capabilities past 15 GHz are needed.

To demonstrate the calibration procedure with the pho-
tonic link VNA at these higher frequencies, the return
loss was measured on a 4x4 antenna array that had pre-
viously been observed to have multiple resonance fre-
quencies in the Ku/K band region [18]. The signal
source, at a frequency of RF/2, was swept between 8~
10 GHz with 3 MHz steps so as to yield a 16~20 GHz
DUT input range, and the LO/2 was driven accordingly
to attain 100 MHz of IF/2. Since most lock-in amplifiers
are capable of taking reference signals with a double
frequency input option, the amplitude and phase signals
at ports 4 and R can be resolved using a 200 MHz IF
reference. The demodulated microwave components from
the photodiode contain mainly the second-order harmon-
ics of RF/2, as well as the weak fundamental com-
ponents. The null DC biasing of an electro-optic modu-
lator (i.e., to yield a minimum output at the drive fre-
quency) can generally maintain the second-order compo-
nents at a level that is at least 30 dB higher than the
fundamental frequency. To make the second-order com-
ponents more effectively dominant for the VNA signal
source, a Ku/K band amplifier was used after the photo-
diode.

The four complex traces in Fig. 11 are measured raw
reflections with a 3.5 mm short-open-load calibration kit
(Agilent Technologies: 85052C) and a Ku/K band ante-
nna. The traces are shown at a center frequency of 17
GHz - the strongest resonant frequency of the antenna
- with a 1 GHz span. Rather than importing the actual
calibration kit data for precise error correction, we used
ideal values of open (/=1), short (/= —1), and load (/°
=0) for convenience. Fig. 12 is the return loss of the
antenna in the 16~20 GHz band. Here, the return loss

Fig. 11. Uncalibrated reflections in the 16.5~17.5 GHz
band for four terminations: Open (dashed-black),
short (dashed-gray), load (solid-gray), and the ante-
nna (solid-black).
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Fig. 12. Error-corrected return losses of an antenna mea-
sured with a photonic assisted system (gray) and a
commercial VNA (black).

measured in our system is compared with measurements
from the commercial VNA. The result generally agrees
well, except at the highly resonant points. Also, our sys-
tem typically shows some mild ripples, such as those
observed around 17.5 GHz. This could be reduced by
employing calibration kit parameters from the vendor to
extract more precise error terms.

The bandwidth could be extended considerably up-
ward to the millimeter wave range or even higher using
high-frequency modulation techniques. State-of-the-art te-
chnology would enable millimeter-wave signal genera-
tion and detection, possibly up to 100 GHz [17]. Exten-
sions of the frequency multiplication techniques to 4% or
even higher factors would be a good scheme if the fre-
quency sweeping capability is realized. A frequency swee-
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pable, quadrupling photonic link has been implemented
for VNA applications. However, it has not shown suffi-
ciently repeatable performance as a stable VNA source be-
cause a mechanically controllable delay was used to re-
alize the sweeping. In the near future, a VNA with
higher frequency response could be made possible by
stabilizing the photonic link.

V. Conclusion

We have demonstrated a simplified, relatively cost-ef-
fective, one-path/two-port VNA configuration with a sta-
ble optical link that can also be used for frequency mul-
tiplication of the RF signal input and local oscillator.
Due to the nature of the one-path optical link, rather
than using conventional bidirectional electrical VNAs, a
discrete full two-port calibration scheme was used. The
S-parameters of mismatch loads, a microwave filter, and
an antenna were evaluated through conventional network
analysis and several photonic-assisted methods. Harmo-
nic frequency multiplication (at higher factors than 2x),
along with techniques for sweeping the photonic side-
bands and for down-mixing the test signals to the MHz
regime will help to extend our 20 GHz demonstration
out to the millimeter wave regime in the future.
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