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Study of terahertz interferometric imaging using optical
techniques
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Principles of terahertz (THz) interferometric synthetic aperture imaging with heterodyne and optical tech-
niques are presented. A THz interferometric experiment based on optical up-conversion is set up. The
received THz signal is modulated into an optical carrier and transmitted in a fiber. To simulate phase
differences between two THz receivers, the output of receiver is divided and a phase shifter is placed before
electro-optical modulation (EOM). Interferometric spectra of these modulated optical signals are examined
at different phase shifts. Otherwise, carrier suppression and phase error calibration are discussed for THz
interferometric synthetic aperture imaging.
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Defined by frequencies from 0.1 to 10 THz, terahertz
(THz) radiation is opening the door to a wide variety
of applications. Waves in this gap are able to pene-
trate materials such as plastics, cloth, packaging, paper,
and many organic compounds, including human tissues,
but strongly absorbed by metals and other inorganic
substances[1]. This means that imaging in THz fre-
quencies can potentially reveal the presence of concealed
objects such as knives and guns and also smuggled items
such as drugs, alcohol, and money. Without the hazards
associated with ionizing radiation, THz radiation com-
puted tomography (T-rays CT) has been developed to
substitute for X-rays[2]. So THz imaging can be widely
used in astronomy, military, non-destructive testing
(NDT), healthcare, aerospace, and communication[1−6].

Compared with the long history of microwave and opti-
cal imaging, THz imaging system has just emerged very
recently. The THz wave imaging system was demon-
strated by using THz time-domain spectroscopy (TDS)
by Hu et al.[7]. These initial images have inspired a great
deal of excitement and much of the subsequent develop-
ment of THz imaging systems and techniques[8−12]. The
simplest and most prevalent THz imaging configuration
is the single-point measurement using a single transmit-
ter and detector pair. To exceed diffraction limitation
and increase the resolution, synthetic aperture technol-
ogy was widely adopted in microwave, and optical region
was proposed in THz imaging system[9−11]. The THz
synthetic aperture imaging system was set up for astron-
omy in Ref. [13]. A synthetic phased-array THz imaging
system was demonstrated by O’Hara et al.[9,10]. Federici
has been dedicated in real-time THz interferometric and
synthetic aperture imaging for many years[11,14−16], and
an imaging array acquired video-rate images with four
THz receivers was reported recently[16]. The principle of
this approach is based on the fact that the coherent prod-
uct (correlation) of the signal from pairs of THz receivers
measured at different antenna-pair spacings (baselines)
yields a sample point in the Fourier transform of the field
of view (FOV), and the FOV itself is reconstructed by
inverting the sampled points. To implement this, THz
frequencies are down-converted and N*(N -1)/2 correla-

tors are need for an N -element array[17−19].
An alternative approach of imaging is to convert

the received signals up to the optical carrier, trans-
mit them in fiber and image them by coherent optical
beam forming[20−23]. There are many advantages such as
easiness of realizing real-time imaging, light weight and
small scale, and low cost[24]. For THz synthetic aperture
interferometric imaging based on optical technique, a key
problem is to preserve the phase differences of each two
receiver pairs. So the phase errors must be calibrated
and the useless part of carrier should be filtered before
beam forming.

In this letter, principles of THz synthetic aperture
imaging with or without optical techniques are discussed.
An experiment is set up to demonstrate the primary in-
terferometric process and phase differences maintaining.
The relations between interfered results and the phase
difference are analyzed. And two important issues, phase
error calibration and carrier suppression, are discussed
and demonstrated.

The process of THz interferometric synthetic aperture
imaging is described as follows. Firstly, the scattered
and radiated THz waves received from FOV are con-
verted to an intermediate frequency (IF) and transport
along coaxial cables. Secondly, containing the ampli-
tudes and phases of incident THz wave, these IF signal
pairs are cross-correlated and integrated to yield spa-
tial frequency samples[14,17−19]. Finally, the image of
FOV is reconstructed by a proper inverse algorithm
and post treatment. Figure 1 shows a scheme of THz
synthetic aperture imaging system with frequency down-
conversion.

Imaging system of this scheme has been widely used
in radio astronomy at all kinds of frequencies includ-
ing THz wave band. For a non-redundant N -element
interferometric imaging array, there are N*(N -1)/2 inde-
pendent baselines (spatial frequency samples). It means
that to figure out all the cross-correlations, N*(N -1)/2
correlators are needed, which is square multiple of the
receiver number. Besides, it would result in increas-
ing bulk and electromagnetic interference especially in
a complex environment for signals are transmitted in
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Fig. 1. The diagram of synthetic aperture imaging system
using frequency down-conversion.

coaxial cables. These cross correlations (u-v samples) are
processed with inverse algorithm and the image of FOV is
obtained. Phase calibration is one of the most important
procedures in the image reconstruction. Self-calibration
and redundant spacings calibrations are comprehensively
utilized[16,20,23].

In synthetic aperture imaging system, received signals
should be modulated to a suitable frequency for trans-
mitting and processing. One of the solutions is to down-
convert the signal frequency so that the signal can be
transmitted in coaxial-cable, which is applied in most
cases at present[17−19]. Another method is frequency up-
conversion which means modulating received signals to
optical carriers and transmitting in fiber[20−24]. Trans-
mission in optical fiber has many advantages such as
wide bandwidth, low attenuation, and anti-interference
to electromagnetism. Besides, scaled fiber arrays can
be formed to image directly, no need to demodulate the
optical signal. Compared with the heterodyne imaging
method, up-conversion technique avoids large amount of

correlators which increases with the number of receivers
in geometric series. By using optical transmission and
optical beam forming, the imaging system is much more
efficient, simple, and economical.

The scheme of THz synthetic aperture imaging system
using up-conversion is shown in Fig. 2. Received signals
are amplified and transmitted into electro-optical modu-
lators (EOM) where optical carriers are modulated. As
optical carriers in all the fiber channels are provided by
the same laser, these optical signals are coherent. At the
end of fiber, optical signals are collimated and extended
by a scaled lenslet array. The output of lenslet array
is interfered with each other in space and focused on a
charge-coupled-device (CCD) camera. So the image of
FOV is obtained.

The radiation frequency (RF) input of EOM could be
denoted as Er(θ, t) cos(ωrt + ϕr), where Er(θ, t) is the
amplitude of the incident THz wave, θ is the incident
angle, ωr is the output frequency from the receiver, and
ϕr is the phase depended on the position of receiver. The
modulated complex optical amplitude can be given as

Eo = Ei exp{j(ωi + ϕi)
+ jmEr(θ, t) cos(ωrt + ϕr)}, (1)

where Ei and ωi present the amplitude and frequency
of the input carrier respectively, ϕi is the initial carrier
phase, and m denotes the modulation constant deter-
mined by the properties of the EOM and the receiver.
The phase shift of the output carrier mEr(θ, t) cos(ωrt +
ϕr) is induced by the THz signal. Operating Jacobi-
Anger expansion on the phase shift component, the am-
plitude of output optical is rewritten as[25]

Eo = Ei exp{j(ωi + ϕi)} · exp{jmEr(θ, t) cos(ωrt + ϕr)} = Ei exp {j (ωi + ϕi)}

×
+∞∑

n=−∞
jnJn [mEr (θ, t)] exp {jn (ωrt + ϕr)} =

+∞∑
n=−∞

jnEiJn [mEr (θ, t)] exp {j (ωi + nωr) t + j (ϕi + nϕr)}. (2)

From Eq. (2), we can see that the modulation optical
spectrums are distributed at (ωi + nωr), and the ampli-
tudes of these spectrum components are a function of
the n-th order Bessel function of the first kind corre-
sponded. When an optical band-pass filter centered at
(ωi + ωr) is applied, the upper side band (USB) compo-
nent is left behind. According to the approximation of
Bessel function, the USB signal with a small modulation
signal (mEr (θ, t)), could be given as

EUSB ≈ 1
2
jmEiEr exp {j [(ωi + ωr) t + (ϕi + ϕr)]} . (3)

The USB signal transmitted in optical fiber is collimated
by lenslet array at the end of fiber. So the optical field
in the plane of collimated optical can be expressed as

⇀

U (r, θ) = U (r, θ) exp {jt (ωr + ωi) + j (ϕi + ϕr)} , (4)

where (r, θ) and U (r, θ) are the coordinate plane and the
distribution of the collimated optical respectively. Then

the optical in detector plane (x, y) is denoted as

⇀

Uf (x, y) =
exp

{
jκ

(
x2 + y2

)
/2f

}

jλf
×

∫ ∫

(r,θ)

⇀

U (r, θ)

× exp
{
−j2π

xr cos θ + yr sin θ

λf

}
rdrdθ,

(5)

Fig. 2. The diagram of synthetic aperture imaging based on
optical beam forming.
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where κ denotes the wave number, λ is the wavelength,
and f is the focus of imaging lens. For an n-element
array, the interferometric optical field is expressed as

U interf(u, v) =
∑n

k=1
U

(k)
f (x, y)

× exp{−j2π(xrk cos θk + yrk sin θk)}. (6)

The superscript and subscript k here denote sequence of
receivers. Then the detected intensity is the square of
absolute value of the interferometric optical field.

A primary experiment is set up to demonstrate the
above theory. The scheme and actual system are
shown in Figs. 3 and 4 respectively. The transmit-
ter consists of a 500-GHz frequency quintupler and a
93-GHz varactor-tunable Gunn oscillator, while the
LO of receiver is a 500-GHz backward wave oscilla-
tor (BWO). A superconductor-insulator-superconductor
(SIS) mixer is applied in the THz receiver. The frequen-
cies of the input and LO are 497.7 and 487.7 GHz re-
spectively. The adjustable attenuator is used to set the
RF input powers of the two 40 GHz phase EOMs (model:
Covega Mach 40 066-40-P-A-A) identically, while the ad-
justable phase shifter is used to simulate the IF signal of
the second receiver to produce phase differences. The
spectrum line width of the distributed-feedback (DFB)
laser is less than 10 kHz and the whole optical path is
polarization-maintaining and single-mode. And an opti-
cal spectrum analyzer (OSA) is employed to measure the
interferometric spectra.

The feedback loop, composing a PIN photo detector
and a data acquisition card, is to correct the random rel-
ative phase errors in fiber. The output voltage of the
PIN diode is dominated by the phase difference of opti-
cal carriers as there is almost no change in carrier power
before and after the EOMs. The phase difference could
be compensated by the feedback of changing relatively

the optical phase in one of the EOMs. Since both the
optical carrier and the sidebands experience the same
optical length, then the phase error in sidebands could
be compensated with the above feedback loop. The fre-
quency of phase variants due to temperature, acoustics
and stress-change in fiber is usually low, and tests show
that a feedback loop of more than 15 kHz is enough to
control the phase errors.

The experiment is to demonstrate phase difference pre-
serving. From Eq. (3), we can get the expression of the
interferometric optical intensity of two USB signals as
follows:

IUSB =
1
2
m2E2

i E2
r [1 + cos (ϕr1 − ϕr2)] . (7)

In the experiment, an IF of 10.03 GHz is captured with a
–10.47-dBm output power by the THz receiver. It is in-
putted to the power coupling module (PCM) and divided
equally. To simulate a parallel wave incidence to the THz
receiver, the adjustable attenuator is turned to balance
the powers into EOM. Then the bias voltage is changed
to set phase differences of the EOM RF inputs, and the
interferometric spectrums are observed and recorded.

Figure 5 shows the original optical spectrums at vari-
ant phase differences of EOM RF inputs from 0◦ to 180◦,
while Fig. 6 is the peak power chart of the optical up-
per side band that corresponds to the right-hand points
at a 10.03-GHz deviation from the center wavelength of
1536.504 nm. The powers at the center wavelength of
1536.504 nm are also shown in Fig. 6.

The variation of the carrier power at 1536.504 nm
(marked with triangle) in Fig. 6 is the interferomet-
ric intensity of the optical carrier. It shows the phase
difference of the two modulated optical signals. The

Fig. 3. Schematic representation of the experimental configuration.

Fig. 4. Photo of actual experimental setup in the laboratory.

root mean square (RMS) of the fluctuation in the carrier
power is about 0.1 dB, and this unevenness will create a
phase error of 12.3◦ at most. So the phase error in optical
domain is corrected well by utilizing the feedback loop
with a frequency of 15 KHz. Then, the measured inter-
ferometric intensity of USB and LSB (marked with circle
and square corresponding) illustrate the phase difference
of EOM RF input without the influence of phase errors
in optical domain. They coincide with the theory results.
According to Eq. (7), the interferometric intensity of the
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Fig. 5. Interferometric spectra of the EOM output modulated
by THz receiver.

first two side bands is a cosine curve versus. the phase
differences of EOM RF inputs from –180◦ to 180◦. This
means that the phase differences are preserved well dur-
ing the transmission, which is one of the most impor-
tant conditions in THz interferometric synthetic aperture
imaging.

When one is working at visible, infrared, microwave,
or THz frequency, to synthesize a good-quality image
with an interferometric array, attentions must be paid to
control the signal phase in path for each receiver channel
to an accuracy of less than one tenth of a wavelength in
order to achieve high quality images[26−28]. Any devia-
tion in phase measurements at individual elements of the
array, would lead to a severe degradation in the point-
spread function of the system, and poor image quality.
For the optical signals in fiber, phase errors induced by
acoustic and thermal fluctuations change drastically, but
show homology on carrier as well as both sidebands.
This property can be used to calibrate the phase errors
in optical domain by interfering the optical carriers with
the same reference carrier[28].

As to phase errors induced by the receiver positions and
other factors before receiving THz signals, phase calibra-
tion methods like redundant spacings calibration (RSC)
and self-calibration algorithms must be adopted[26,27].
And for THz interferometric synthetic aperture imaging
with optical technique advanced, self-calibration algo-
rithm derived from closure imaging in radio astronomy
may be more suitable as methods like RSC need phase
shifts in optical transmission which would influence the
phase calibration in optical domain as mentioned above.

Another important problem in the proposed imaging
approach is to depress the carrier filter through the first
side band[23]. If the intensity of carrier frequency part
is comparative or even bigger than that of sidebands
during interference, the interferometric image of these
optical sideband frequencies will be covered by that of
optical carrier frequencies in the infrared CCD. In or-
der to suppress the carrier frequencies, one way is to
utilize the optical carrier interferences in Mach-Zehnder
(MZ) EOM. Other instruments including optical add-
drop multiplexer (OADM) and thin-film filter are also
used comprehensively. In our experiment, fibber Bragg
grating (FBG) filter is utilized to depress optical carrier
intensities.

Figure 7 shows spectra modulated by a 50-GHz os-
cillation with different FBG filters. The line (a) is the
spectrum without any carrier suppression process. While

Fig. 6. The variant of peak powers of the optical upper side
band and optical carrier.

Fig. 7. Optical spectrum using FBG filters.

lines (b), (c), and (d) are the corresponding spectra with
one, two, and three FBG filters, respectively. In our ex-
periment, the reflective insertion loss measured for each
FBG filter is about 1.7 dB, while the reflective adjacent
channel isolation reaches as large as 35 dB. So we can
choose a proper stage number of the FBG filter to make
sure the optical carrier does not degrade the imaging
quality.

Inconclusion, THz imaging technology has a compre-
hensive application, and THz synthetic aperture imaging
with optical technique improves the imaging speed and
spatial resolution. Among the two interferometric man-
ners in this letter, THz synthetic aperture imaging with
optical up-conversion has many merits and the imag-
ing process is analyzed deeply. From the interferomet-
ric spectra of optical signals modulated by THz signals,
the phase differences are preserved well, and images of
FOV could be formed with more receivers according to
synthetic aperture principles. Based on interferometric
imaging techniques, the phase errors induced before mod-
ulation can be corrected by self-calibration algorithm and
RSC, while phase errors in optical domain have to be
compensated by interfering of carrier and reference opti-
cal. Besides, problems of carrier suppression could be set-
tled by MZ EOM and optical filters, and the experiments
with FBG filters show pretty performances. The work in
this letter indicates that real-time and high resolution
THz imaging could be implemented by interferometric
synthetic aperture system and optical up-conversion.
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