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Time-Domain Equivalent Circuits for the Link
Modeling Between Pulsed Photoconductive

Sources and Receivers
Huasheng Zhang , Member, IEEE, Nuria Llombart , Fellow, IEEE, Juan Bueno ,

Angelo Freni , Senior Member, IEEE, and Andrea Neto , Fellow, IEEE

Abstract—Photoconductive antennas (PCAs) are promising can-
didates for sensing and imaging applications. In recent years,
our group has investigated their properties under pulsed laser
illumination in transmission using a time-domain (TD) Norton
equivalent circuit. Here, we extend this analysis to the link between
a photoconductive source and a receiver introducing for the latter a
second TD Norton equivalent circuit. We also evaluate the transfer
function of a dispersive quasi-optical (QO) link. Specifically, a field
correlation approach based on the high-frequency techniques is
used to evaluate the spectral transfer function between two bow–
tie-based PCAs, including the QO link. The detected currents in the
receiving circuit are reconstructed using stroboscopic sampling of
the modeled THz pulses, equivalent to what is actually performed
by THz TD systems. Both the amplitude and the waveforms of these
currents are evaluated. The QO link is then experimentally char-
acterized to validate the proposed methodology. The comparison
between the simulations and the measurements is excellent.

Index Terms—Bow–tie antenna (BTA), field correlation, Norton
equivalent circuit, photoconductive antennas (PCAs), quasi-optical
(QO) link.

I. INTRODUCTION

THE past decades have experienced increasing interest in
photoconductive antennas (PCAs) for spectroscopy and

imaging applications, thanks to their ability to generate and
detect THz pulses when excited by pulsed optical sources [1],
[2], [3], [4], [5], [6], [7]. The examples of systems, often referred
to as THz time-domain (TD) systems, can be found in [8], [9],
[10], [11], [12], [13], [14], [15], [16], [17], [18], and [19]. Such
a system mainly consists of a photoconductive (PC) source, a
PC receiver, and an in-between quasi-optical (QO) link where
dielectric lenses and reflectors are commonly used to collimate
and focus THz pulses.
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For a PC source, realizing an efficient coupling between the
PC material and the antenna has been one of the main challenges,
especially when the objective is the maximization of the THz
power radiated for a given optical power. Moving the attention to
the modeling, two types of approaches have been explored for a
PC source: full-wave finite-difference TD models [20], [21] and
equivalent circuit models [22], [23], [24], [25], [26], [27], [28],
[29], [30], [31], [32], [33]. We focus on the latter approach since
it is more intuitive and convenient for designing and optimizing
PCAs. Recently, the accurate TD Norton equivalent circuit based
on the PC constitutive (Drude) relations combined with an
electromagnetic (EM) based derivation was proposed [32]. The
photocurrent flowing across the PC gap was solved in TD using
a marching-on-time scheme, which accounts for the constitutive
relations for low-temperature grown gallium arsenide (LT GaAs)
[33].

The amplitude of the THz pulses generated by a PC source is
related to the amplitude of the THz photocurrents in the PC
gap [8]. The waveforms of the emitted pulses were analyti-
cally evaluated for simple antenna geometries, such as short
dipoles [9]. However, if the transmitting PCA structures are
more complex [18], [34], full-wave simulations need to be used
to accurately model these pulses. A transfer function H(f) can
be introduced to characterize the QO link between PCAs [11];
but in most cases, it was approximated by the far-field link
conditions, e.g., [11], [12], and [18]. In [9], the transfer function
was approximately modeled by a Gaussian-beam formalism
instead. However, the effect of the receiving antenna is neglected
in the transfer function in all cases.

At the receiver side, the arriving THz pulses induce photocur-
rents in the PC gap when it is illuminated by laser pulses. The
receiver can be modeled by a Thévenin equivalent circuit [11],
[19], where the generator was associated with the arriving THz
pulses via the approximated transfer function. The Thévenin
load was evaluated using an approximated PC constitutive rela-
tion and the detected currents were evaluated using stroboscopic
sampling. Since the link between PCAs has not been accurately
modeled, the existing literature only compares the modeled
detected currents to measurements using arbitrary units.

In this work, we first use the TD Norton equivalent circuit
in [32] and [33] to analyze a PC source. We simplify the
time-marching evaluation of the constitutive relations via the
introduction of a generator resistance. We then characterize
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the coupling between two PCAs, including the QO link, by
accurately modeling the link transfer function H(f) (instead
of using an approximation of it). We use an EM methodology
that combines full-wave simulations, physical optics (PO), and
a field correlation approach [35], [36]. This procedure can be
easily extended to very different link geometries since the link
is studied separately from the TD analysis of PCAs. Finally,
we propose a Norton equivalent circuit for the PC receiver to
model the photocurrents in the PC gap. The current generator
in the proposed circuit is calculated using the transfer function
and the photocurrents are evaluated using the PC constitutive
relation. The detected current is then reconstructed by simulating
the stroboscopic sampling, which is achieved in the actual TD
instruments by changing the optical delay of the laser pulses
in reception (Rx). In this respect, the modeling reconstructs the
sampling process performed in the commercial Menlo system
[37], which is available in our laboratory. We replace the fiber-
coupled PCAs [38] with our own free-space excited bow–tie
PCAs [33]. These bow–tie PCAs are then coupled via two plano-
convex QO lenses. The measured currents are compared with the
simulations, showing excellent agreement in both waveforms
and amplitude.

The rest of this article is organized as follows. Section II
introduces and summarizes the TD Norton equivalent circuit for
a PC source. Then, an approximate Norton generator resistance
is derived to simplify the TD marching-on-time calculation. Sec-
tion III describes the Norton equivalent circuit for a PC receiver
to calculate the photocurrents in the PC gap. The procedure
to obtain the detected currents via the stroboscopic sampling is
also discussed. Section IV discusses the modeling of a dispersive
QO link between two PCAs. Two bow–tie-based PCAs are used
as examples to demonstrate the link transfer function and the
detected currents. Section V shows the experimental character-
ization of the used PCAs to validate the proposed methodology.
Finally, Section VI concludes this article.

II. NORTON EQUIVALENT CIRCUIT IN TRANSMISSION

We first consider the modeling of a PC gap excited in trans-
mission (Tx) and connected to a nondispersive transmission
line with the characteristic impedance of Z0, as depicted in
Fig. 1(a). The corresponding transmission line model is shown in
Fig. 1(b). By using this model, we can focus on the modeling and
understanding of a PC source and receiver without including the
impact of a dispersive link. This is an ideal representation since
any practical implementation will include losses and dispersion.
Those effects can be added via a link transfer function, as will be
explained in Section IV. The transmission line is represented by
two pieces of metal processed on a photosensitive semiconduc-
tor, which is biased by an external voltage source Vb. A pulsed
laser with pulsewidth of τp illuminates the PC gap periodically
with repetition time of T . Within each repetition, the laser pulse
excites the electrons inside the semiconductor from their valence
band to the conduction band. In response to the biasing voltage,
the freed electrons form a time-varying pulsed current with very
short pulsewidth (in the order of ps). Therefore, the current can
radiate a pulsed field in the THz regime. The generated pulsed

Fig. 1. (a) Schematic representation of a transmission line excited by a PC
gap, which is illuminated by a pulsed laser and biased by a dc voltage source.
(b) Transmission line model of (a). A pulsed THz forward wave, [v+(t), i+(t)],
is generated in the transmission line. The red line in (a) represents the biasing
electric field, while the orange line is the electric current in the presence of the
laser excitation. v+(t) is opposed to the biasing electric field. (c) Corresponding
TD Norton equivalent circuit used to evaluate the time evolution of the THz
voltage and current, [vTx

load(t), i
Tx
load(t)] = [v+(t), i+(t)] .

THz field propagates along this transmission line as a forward
wave with the amplitude of v+(t) and i+(t), as depicted in
Fig. 1(a) and (b).

By solving the transmission line in Fig. 1(b), a Norton equiv-
alent circuit was modeled in TD [32], as shown in Fig. 1(c). This
equivalent circuit is valid to model the THz voltage vTx

load(t) and
the current iTx

load(t), in the PC gap (the Tx superscript indicates the
voltage and the current are in the transmitting/source PC gap).
The forward wave at z = 0 will then be given by the voltage
and current: v+(t) = vTx

load(t) and i+(t) = iTx
load(t). This circuit

was derived via a rigorous EM formulation that accounts for
the constitutive (Drude) relation of the PC material. The main
focus is on modeling the THz photocurrents on the external
load branch. Here, we assume the external load as a resistance;
thus, we only consider the first-order effect of the load, which
corresponds to its radiation, as explained in [32] and [33]. More
complex modeling of a PC source has been discussed in several
works, e.g., [28] and [29], where different mechanisms were
considered. In this work, we use the equivalent Norton circuit
since it imposes the continuity of currents that fits best with the
voltage-to-current constitutive Drude relation [32]. For the sake
of completeness, the current components of the Norton circuit
are summarized as follows.

1) The generator current iTx
gen(t) is the impressed current by

the laser under a short-circuited gap condition, with a con-
stant biasing voltageVb. The current was explicitly derived
in [33] and it can be expressed as the PC constitutive
relation shown as follows:

iTx
gen (t) =

q2e
me

WyWz

Wx

∫ t

t0

nTx
p (t, t′′)

∫ t

t′′
e
− t−t′

τTx
s Vbdt

′dt′′

(1)
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where qe is the electron charge and me is the effective mass
of the electrons in the PC material; Wx, Wy , and Wz are the
dimensions of the PC gap; t0 is the laser arrival time; and τTx

s

is the scattering time of the PC material. nTx
p (t, t′′) is the carrier

density generation rate [unit 1/(m3s)]. It represents the average
number of electrons in the PC gap volume remaining at time t
after being excited at time t′′, and it is expressed as follows:

nTx
p (t, t′′) =

ηTx
gen

WxWyWz

P̃ Tx
opt

hfc

T

τp

√
4ln2
π

e
−4ln2

(
t′′
τp

)2

e
− t−t′′

τTx
c .

(2)
Here, h is the Planck constant, fc is the laser operation

frequency, and P̃ Tx
opt is the average optical power of the laser

interacting with the PC gap, which considers the spillover of
the laser beam on the PC gap and the absorption efficiency of
the semiconductor. We introduce here an efficiency term, ηTx

gen
(generation efficiency), to account for the effects (losses), which
are not modeled in the current formalism.

2) The internal current iTx
int(t) is the current flowing on the

generator load branch. It ensures that the time-varying
THz voltage vTx

int (t) = vTx
load (t) verifies the constitutive

relation. It can be evaluated as follows:

iTx
int (t) =

q2e
me

WyWz

Wx∫ t

t0

nTx
p (t, t′′)

∫ t

t′′
e
− t−t′

τTx
s vTx

int (t
′) dt′dt′′. (3)

Note that this expression is the same as (1) except Vb is
replaced by vTx

int (t
′).

3) The load current iTx
load(t) represents the THz current flow-

ing across the external load. It is, thus, associated with the
THz radiation. The constitutive relation in this branch is
given by the transmission line in Fig. 1(b). Assuming an
infinite line, the load impedance seen from the generator
will correspond to the transmission line characteristic
impedance, Z0. Then, the voltage-to-current relation is
iTx
load (t) = vTx

load (t)/Z0, which is purely real.
The relations in (1) and (3) are nonlinear as they depend on the

laser excitation starting at t0. Accordingly, a marching-on-time
scheme was implemented to solve the time evolution of vTx

load(t)
and iTx

load(t), as discussed in [33]. This method discretizes the
currents and voltages involved in time and solves them pro-
gressively using the previously discussed constitutive relations.
Once the time evolutions of vTx

load(t) and iTx
load(t) are found, the

instantaneous power delivered to the load or carried by the
THz forward wave in the present example can be calculated
as pTx

load (t) = iTx
load (t)vTx

load(t). The average THz power over the
laser repetition time is then

P̃ Tx
load =

1

T

∫ T

0

pTx
load (t) dt. (4)

A. Example Solutions of the Circuit

An example of the solved currents and voltages is shown
in Fig. 2. Here, we consider LT GaAs (εr = 12.94) as the PC
material, with a typical gap volume of 10 μm× 10 μm× 2 μm,

Fig. 2. (a) Norton generator current iTx
gen(t). The laser pulse is also shown with

its amplitude normalized to that of iTx
gen(t). (b) Time-varying current iTx

load(t) on
the external load. (c) Corresponding time-varying voltage vTx

load(t) on the load.
The gap voltage vTx

gap (t) = Vb − vTx
load(t) is also shown. Here, we consider

two optical power levels: P̃ Tx
opt = 30 mW and 160 mW. The biasing voltage is

Vb = 30 V and the load impedance is Z0 = 70 Ω. τTx
c = 700 fs, τTx

s = 8.5 fs,
and ηTx

gen = 25.6%.

biased by Vb = 30 V. The material is characterized by the scat-
tering and recombination time of τTx

s = 8.5 fs and τTx
c = 700 fs,

respectively, and the generation efficiency is ηTx
gen = 25.6%. The

transmission line impedance is assumed as Z0 = 70 Ω. The
pulsed laser operates at fc = 384.6THz (wavelength of 780 nm)
and its time evolution has a Gaussian shape with the full width
at half maximum (FWHM) duration of τp = 100 fs and the
repetition time of T = 12.5 ns. The spatial distribution of the
laser is also Gaussian, which is truncated on the PC gap with
the FWHM beam width of 10 μm. Such truncation is quantified
by the spillover efficiency of the laser beam on the gap. By also
considering the absorption efficiency of the semiconductor, the
average optical power absorbed by the gap is P̃ Tx

opt = 30 mW.
These parameters are relevant for the measurements that will be
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Fig. 3. Power delivered to the load P̃ Tx
load versus the laser optical power on

the gap P̃ Tx
opt , when Vb = 30 V for different loading conditions. The solid

curves correspond to the results of the time-marching solution of the constitutive
relations; whereas the dotted curves correspond to the results calculated using
the analytical generator resistance RTx

int(∞).

discussed in Section V. In Fig. 2(a), when a laser pulse arrives,
the generator current iTx

gen(t) starts to increase and then it gradu-
ally drops due to the recombination process. The time-varying
THz current iTx

load(t) in Fig. 2(b) shows the same behavior as
iTx
gen(t) and its waveform is similar to that of iTx

gen(t). In Fig. 2(c),
the time-varying voltage vTx

load(t) behaves similarly to iTx
load(t) and

its amplitude is iTx
load(t)Z0. This voltage is opposite to the biasing

voltage (due to the movement of the free electrons). Therefore,
the net voltage on the PC gap is vTx

gap (t) = Vb − vTx
load(t), which

is also shown in the figure. Note that vTx
gap(t) is not the output

voltage in the circuit since the proposed Norton circuit does not
model the dc components [32]. In the same figure, an example
with much higher optical power, P̃ Tx

opt = 160 mW, is also shown.
It can be observed that the amplitude of iTx

gen(t) is proportional

to P̃ Tx
opt and its waveform remains the same. The amplitude of

iTx
load(t) and vTx

load(t)also increases as P̃ Tx
opt increases; however,

their waveforms start to get distorted when P̃ Tx
opt is very high

and vTx
gap(t) almost reaches the zero value. This effect is related

to the saturation of the THz power P̃ Tx
load being generated.

Fig. 3 shows the power delivered to the transmission line, P̃ Tx
load

(solid curves), versus the laser optical power, P̃ Tx
opt. We observe

that when P̃ Tx
opt is high, P̃ Tx

load(Z0 = 70 Ω) starts to saturate. This
effect can be well explained by the used Norton equivalent
circuit in terms of the impedance matching. If we apply the
Fourier transform (FT) on the TD current and voltage (within
one laser repetition time) in the generator load branch from
Fig. 1(c), we obtain their frequency representation: ITx

int (f) and
V Tx

int (f) = V Tx
load (f). We can then evaluate the internal generator

impedance as ZTx
int (f) = V Tx

int (f)/ITx
int (f). This impedance is

shown in Fig. 4 for the same case used in Fig. 2. When the
laser optical power P̃ Tx

opt is low [see Fig. 4(a)], Real[ZTx
int (f)]

is comparable to Z0 (70 Ω). Thus, for low power levels, P̃ Tx
load

increases linearly in the scale, as shown in Fig. 3. As P̃ Tx
opt

increases to 160 mW, as shown in Fig. 4(b), ZTx
int (f) drops

significantly and Real[ZTx
int (f)] < Z0. Thus, Z0 cannot match

Fig. 4. Norton generator impedance ZTx
int (f) when three values of the load

impedance are used: Z0 = 20 Ω, 70 Ω, and 300 Ω. The optical power P̃ Tx
opt is

(a) 30 mW and (b) 160 mW. The biasing voltage is Vb = 30 V. In the same
figures, the analytical generator resistance RTx

int(∞) calculated using (5) is also
plotted for reference.

with ZTx
int (f) and P̃ Tx

load(Z0 = 70 Ω) does not follow the same
linear growth in Fig. 3.

We have also calculated ZTx
int (f) for the other two different

values of Z0: 20 Ω and 300 Ω, plotted also in Fig. 4. For very
low Z0, since it is always lower or comparable to ZTx

int (f) below
P̃ Tx

opt = 160 mW, P̃ Tx
load does not show any power saturation (see

the red solid curve in Fig. 3). On the other hand, for very highZ0,
it cannot match with ZTx

int (f) even at low power level, as shown
in Fig. 4(a). Thus, P̃ Tx

load is already saturated at P̃ Tx
opt = 30 mW,

as shown by the green curve in Fig. 3. Therefore, the impedance
matching is directly associated with the power saturation and
should be considered when designing the load impedance Z0.
In our laboratory system, P̃ Tx

opt has a limit of 80 mW; therefore, we
design the PCA with an impedance close to 70 Ω to achieve the
optimal delivered power between 0 and 80mW. To achieve such
an optimal design, one must use the marching-on-time method
to iteratively calculate ZTx

int (f) for different P̃ Tx
opt and Z0 until

the best impedance matching is achieved. Unfortunately, such a
process is time-consuming and not intuitive.

B. Norton Resistance

To better consider the impedance matching and simplify the
numerical time-marching evaluation of the TD Norton circuit,
we show in Appendix A how ZTx

int (f) can be approximated by
a resistance RTx

int(Z0), which was also discussed in [39]. This
resistance can be assumed to be independent of the load, so
we indicate it as RTx

int(∞). It can be directly calculated with the
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Fig. 5. (a) Proposed FD Norton equivalent circuit with constant generator
resistance RTx

int(∞) calculated using (5). (b) RTx
int(∞) versus P̃ Tx

opt . Numerical

solution of RTx
int(Z0) calculated using (A.2) is also shown for comparison. We

consider Z0 = 20 Ω, 70 Ω, and 300 Ω. The dashed red box indicates the power
saturation region.

parameters of the laser source, the PC material, and the gap size
as follows:

RTx
int (∞) =

2hfcW
2
x

μTx
dc qeTη

Tx
genP̃

Tx
opt

τTx
c + τTx

s

τTx
c − τTx

s

(5)

where μTx
dc = τTx

s qe/me is the dc mobility of the PC material.
The use of this resistance simplifies the evaluation of the PC
constitutive relation and introduces a Norton equivalent circuit
in frequency domain (FD), as shown in Fig. 5(a). The notations
of the currents and the voltage have the additional app. super-
scripts indicating that they have been approximated. Since the
generator’s current ITx

gen(f) can also be analytically calculated,
as discussed in [31], the whole circuit in Fig. 5(a) can be solved
analytically without any time-marching evaluation.

This resistance is plotted in Fig. 5(b) by the black curve. In
addition, we calculateRTx

int(Z0) numerically using (A.2) with the
time-marching method and it is plotted versus different Z0 for
comparison. We can notice thatRTx

int(∞) is close to the numerical
evaluation of RTx

int(Z0 = 300 Ω). Moreover, as P̃ Tx
opt increases,

RTx
int(∞) tends to converge to a constant, which indicates power

saturation via impedance mismatched to a load. Therefore, we
should design our load before the saturation region, as shown
by the dashed red box in Fig. 5(b). In the case of Z0 = 70 Ω,
the impedance-matched condition can be fulfilled when P̃ Tx

opt ≈
50 mW, which is before the saturation, as shown in Fig. 3.

To evaluate the applicability of the circuit in Fig. 5(a), we can
calculate the THz power generated in the load and compare it

Fig. 6. Energy spectral density of the load when P̃ Tx
opt is (a) 30 mW and (b)

160 mW,Vb = 30V, andZ0 = 70Ω. The results are evaluated using the Norton
circuits in Tx in Figs. 1(c) and 5(a).

with the numerical results (time-marching results) in Fig. 3. As
expected, the agreement is excellent before the power saturation.
This is because P̃ Tx

load is highly dominated by the low-frequency
components where ZTx

int (f) is comparable to RTx
int(∞), as shown

in Fig. 4. However, when P̃ Tx
opt increases to the level where

saturation occurs and Z0 is high, it becomes more inaccurate
to approximate ZTx

int (f) by RTx
int(∞). As the result, the numerical

evaluation of P̃ Tx
load(Z0 = 300 Ω) in Fig. 3 is higher for high P̃ Tx

opt.
From Fig. 4, we can also find that RTx

int(∞) cannot well
approximate the high-frequency parts of ZTx

int (f). Therefore,
the energy spectral density could be different when evaluated
using the Norton circuits in Figs. 1(c) and 5(a). Figs. 6(a) and
(b) show the energy spectral density ETx

load (f) = |ITx
load(f)|2 Z0

for Z0 = 70 Ω when P̃ Tx
opt = 30 mW and 160 mW, respectively.

When P̃ Tx
opt is low [see Fig. 6(a)], the agreement is very good

until 0.7 THz where most of the energy is contained. While
at higher frequencies, the spectrum calculated from RTx

int(∞)
is becoming different (2 dB at 2 THz). However, when P̃ Tx

opt
increases and enters the saturation region, we can observe more
significant difference between the spectra, as shown in Fig. 6(b).
This is because ZTx

int (f) varies more dramatically with high
P̃ Tx

opt, as shown in Fig. 4(b). Therefore, we can use RTx
int(∞)

to characterize the spectra in the relevant frequency band only
before the power saturation.

III. NORTON EQUIVALENT CIRCUIT IN RECEPTION

In this section, we present the modeling of the current detected
at a receiving PC gap via its corresponding Norton equivalent
circuit. We consider the problem, as shown in Fig. 7(a), where a
THz forward pulse wave [v+(t), i+(t)] is propagating along an
infinite transmission line. This wave can be, for instance, the one
generated by the source geometry in Fig. 1(a). The transmission
line is loaded with a PC gap excited by a pulsed laser. In this
case, the derivation of the generator of the Norton circuit is
standard by evaluating the transmission line when the load is
short circuited, as shown in Fig. 7(b). At z = 0, the voltage
amplitude of the forward wave and that of the reflected wave has
the relation v+ (t) = −v−(t). Therefore, the generator current
iRx
gen(t) (with Rx superscript used to indicate the receiver) is the

same as the total (short-circuited) current at z = 0, i.e., iRx
gen(t) =
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Fig. 7. (a) Schematic representation of a transmission line loaded with a
PC gap. It is excited by a laser pulse, and at the same time, by a THz
forward wave, [v+(t), i+(t)], propagating along the transmission line. (b)
Short-circuited transmission line model. v−(t) represents the reflected wave and
isc (t, z = 0) = 2v+(t)/Z0 is the total current at z = 0. (c) Corresponding
TD Norton equivalent circuit used to evaluate the time evolution of the THz
voltage and current [vRx

load(t), i
Rx
load(t)].

isc (t, z = 0), which is calculated as follows:

iRx
gen (t) = 2i+ (t) = 2v+ (t) /Z0, (6)

and the generator load is the impedance of the transmission line,
i.e., Z0.

The laser pulses in Rx illuminate the PC gap periodically
and free the electrons inside the gap. If the incoming THz
wave is synchronized in time with a laser pulse, this wave will
induce a time-varying current flowing across the gap. Such a
process can be modeled in a Norton equivalent circuit by a
load that has a time-varying constitutive relation related to the
pulsed illumination on the PC gap. Accordingly, the TD Norton
equivalent circuit for the PC receiver is shown in Fig. 7(c), which
is similar to that in [40]. The load current iRx

load(t) is evaluated
using the constitutive (Drude) relation of the PC material

iRx
load (t) =

q2e
me

WyWz

Wx∫ t

t1

nRx
p (t, t′′)

∫ t

t′′
e
− t−t′

τRx
s vRx

load (t
′) dt′dt′′ (7)

where t1 is the time when the laser pulse arrives, and t is
the current time. nRx

p (t, t′′) has the same expression as (2) but

with ηRx
gen and P̃Rx

opt as the generation efficiency and the optical
power, respectively. The current and voltage in the generator
load branch are indicated as iRx

int (t) and vRx
int (t) = vRx

load (t),
respectively. The constitutive relation in this branch is given
by the transmission line as iRx

int (t) = vRx
int (t)/Z0.

The load current iRx
load(t) exists only when the periodic THz

waves are synchronized with the laser pulses in Rx. Fig. 8
illustrates such synchronization for different time-delayed laser
pulses. Let us first focus on the left column of the figure: a

Fig. 8. Time evolution of the pulses in the Rx circuit for two periods.
(a) Generator currents iRx

gen(t). (b) Optical power pulses pRx
opt(t). (c) Currents

in the PC gap iRx
load(t).

THz wave induces iRx
gen(t) at time t1, as shown in Fig. 8(a). Let

us then assume that the laser pulse pRx
opt(t) is synchronized to

arrive at the PC gap at also t1, as depicted in Fig. 8(b). Since
the amplitude of iRx

gen(t) reaches its maximum at the laser arrival,
we obtain iRx

load(t) with also high amplitude after t1, as shown
in Fig. 8(c). Then, we examine the right column of Fig. 8 when
several repetition time has passed and the time is at t1 +NT
(N = 1, 2 . . .). The periodic THz wave induces iRx

gen(t−NT ),
as shown in Fig. 8(a). At the same time, we add additional time
delay td to the laser pulse to synchronize it with iRx

gen(t−NT )
at different times t1 +NT + td [see Fig. 8(b)]. The amplitude
of iRx

gen(t−NT ) already starts to drop when the laser arrives;
therefore, a lower iRx

load(t−NT − td) is obtained [see Fig. 8(c)].
Of course, if the laser pulse is synchronized with the tail of
iRx
gen(t), i

Rx
load(t) will be close to zero.

A. Marching-on-Time Solution of the Norton Circuit in Rx

Let us then solve the proposed TD Norton circuit for a specific
period from the laser repetition time and a specific time delay
for the laser pulse td. We impose the continuity of the currents
at the node in the Rx Norton circuit in Fig. 7(c) as follows:

iRx
gen (t) = iRx

int (t, td) + iRx
load (t, td) . (8)

Before the laser arrival, i.e., t ≤ t1, we have the initial con-
ditions that iRx

load (t1, td) = 0 and vRx
load (t1, td) = 0. We then use

the current continuity to calculate the voltage at the following
time t2 = t1 + dt, as follows:

vRx
load (t2, td) =

[
iRx
gen (t2)− iRx

load (t1, td)
]
Z0. (9)

wheredt is an infinitesimal time step. By substituting (9) into (7),
we can obtain iRx

load(t2, td), and then we use the marching-on-time
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Fig. 9. (a) Generator current in Rx iRx
gen(t) synchronized with the laser pulses

in Rx with different time delays td = 0 ps and 1 ps. (b) Load currents in
Rx iRx

load(t, td) for different td and compared with the load current in Tx,
iTx
load(t). τTx

c = τRx
c = 700 fs, τTx

s = τRx
s = 8.5 fs, ηTx

gen = 25.6%, ηRx
gen =

16.6%, P̃ Tx
opt = P̃Rx

opt = 30 mW, and Vb = 30 V.

technique to progressively solve the complete iRx
load(t, td) and

vRx
load(t, td).

An example is shown here to highlight the currents in the
proposed Rx circuit. Let us consider a case where the THz for-
ward wave is the one generated in Fig. 2(b) when P̃ Tx

opt = 30mW,
i.e., iTx

load(t). Fig. 9(a) shows the generator current iRx
gen(t), which

is the same as iTx
load(t) but with the factor of 2 from (6), i.e.,

iRx
gen (t) = 2i+ (t) = 2iTx

load(t). The PC gap and the laser source in
Rx are the same as those in Tx. But the generation efficiencies are
different: ηTx

gen = 25.6%, whereas ηRx
gen = 16.6%. These values

are in line with the measurements, which will be explained in
detail in Section V. We consider two cases of the laser delay
in Rx, i.e., td = 0 ps and 1 ps, and the synchronization is
shown in Fig. 9(a) with the laser amplitude normalized to iRx

gen(t).
Fig. 9(b) shows the solution of the marching-on-time evaluation
for iRx

load(t, td) with the corresponding time delay. It is compared
with iTx

load(t) and we can notice iRx
load(t, 1 ps) < iRx

load(t, 0 ps) <
iTx
load(t). This is because the impedance of the PC gap in Rx is

also inversely proportional to P̃Rx
opt , similarly to the case in Tx,

as shown in Fig. 5(b). For our specific case, the load impedance
is mismatched with the generator impedance (70 Ω).

B. Detected Currents in the PC Gap

For a specific time delay td, the load current iRx
load(t, td) lasts

in the order of ps, as shown in Fig. 9(b), so it cannot be easily
detected instantaneously. Only the net charges Q(td) associated
with each pulse period can be measured. Accordingly, one can
define the detected current id(td) as the average of Q(td) over
the laser repetition time as follows:

id (td) =
Q (td)

T
=

1

T

∫ t1+td+T

t1+td

iRx
load (t, td) dt. (10)

Note that for each td, we only obtain a single dc value. If
we sweep td and define a series of time delay as td (Δt) =
0,Δt, . . . , NΔt for N + 1 laser repetition time, with Δt the
resolution of the time delay, then for each repetition, the laser
pulse synchronizes with a different section of iRx

gen(t). We assume
that Δt is small enough and N is large enough so that the
complete iRx

gen(t) can be swept by the laser pulses. Typical values

Fig. 10. Detected current id(td). (a) Amplitude. (b) Waveform. id(td) is
compared with the load current in Tx iTx

load(t). For the source, τTx
c = 700 fs,

τTx
s = 8.5 fs, and ηTx

gen = 25.6%; while for the receiver, τRx
c = 700 fs and

300 fs are considered. τRx
s = 8.5 fs and ηRx

gen = 16.6%. P̃ Tx
opt = P̃Rx

opt = 30 mW
and Vb = 30 V.

for Δt are in the order of 0.1 ps. We, thus, can obtain a curve for
the detected current for different time delays, i.e., id(td), which
is almost continuous.

An example of id(td) is shown in Fig. 10, where its amplitude
is plotted in Fig. 10(a) and its waveform is shown in Fig. 10(b)
compared with that of iTx

load(t). Thanks to the use of the Nor-
ton circuit, the actual amplitude of id(td) can be evaluated.
Moreover, we can notice that id(td) is almost symmetric with
respect to td = 0 ps and the waveform of id(td ≥ 0) is very
close to that of iTx

load(t ≥ 0). The pulsewidth of id(td) is doubled
compared with iTx

load(t) because of the long τRx
c in Rx. During

the recombination process in Rx, once a THz wave arrives at
the PC gap in Rx, the remaining free electrons flow across the
PC gap and form a time-varying current iRx

load(t, td). Therefore,
even when the laser is synchronized with iRx

gen(t), for instance, at
td = −2.5 ps, there is still a certain value of id(td) and, thus, the
complete id(td) shows a symmetric behavior. According to this
explanation, the shorter τRx

c is, the better reconstruction can be
achieved. If we use τRx

c = 300 fs while keeping other parameters
the same, id(td) is shown in Fig. 10(b) by the dashed curve.
Apparently, in this case, id(td) is much closer to iTx

load(t). Ideally,
if τRx

c → 0, iTx
load(t) can be completely reconstructed without

distortion.

C. Fidelity Factor

We have seen that even if we have considered a nondispersive
ideal link based on a transmission line, the detected current
id(td) is still distorted when compared with iTx

load(t) due to the use
of the long τRx

c . If we further consider the use of antennas and QO
components, the distortion could be worse. To quantify the pulse
distortion from the Tx side to the Rx side, we evaluate the fidelity
factor, which is typically used for ultrawideband antennas [41],
[42]. It quantifies the distortion of a current i1(t) compared with
a reference current iref(t), and is expressed as follows:

F (i1, iref) = max
τ

∫ +∞
−∞ iref (t) i1 (t− τ) dt√∫ +∞

−∞ |iref (t)|2dt
∫ +∞
−∞ |i1 (t)|2dt

(11)

where τ is a certain time delay.
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Fig. 11. Schematic representation of the QO link between two PCAs. The
insets show the PCAs at the Tx and the Rx sides. The ray tracing of the field
propagation along the link is shown by the blue rays.

Fig. 12. BTA integrated with an extended hemispherical lens. The inset shows
the detailed geometry of the BTA.

Let us first consider the fidelity factor in Tx between the
load current iTx

load(t) and the generator’s current iTx
gen(t), i.e.,

F (iTx
load, i

Tx
gen). We use the case, as shown in Fig. 2, and the fidelity

factor is F (iTx
load, i

Tx
gen) = 99% and 93.3% for P̃ Tx

opt = 30 mW and

160 mW, respectively. This means as long as P̃ Tx
opt is not in the

saturation region, iTx
load(t) should have very similar waveform as

iTx
gen(t). Then, for a nondispersive link, F (iRx

gen, i
Tx
load) = 100%

according to (6). Finally, the fidelity factor between the detected
current id(td) and the load current in Tx iTx

load(t) is calculated.
For the case in Fig. 10(b), F (id, i

Tx
load) = 90% and 96.1% for

τRx
c = 700 fs and 300 fs, respectively.

IV. QO LINK BETWEEN TWO PCAS

In this section, we model a more common scenario where
two PCAs are integrated into lens antennas and coupled to each
other via two free-standing plano-convex lenses, as shown in
Fig. 11. Here, we consider the bow–tie-based PCAs fabricated
in previous work [43]. As shown in Fig. 12, the bow–tie antenna
(BTA) is processed on a substrate made of intrinsic LT GaAs and
integrated with a silicon (εr = 11.9) extended hemispherical
lens. This lens has a diameter of 10 mm and an extension
of 1.45 mm, and its phase center is 16 mm below the lens.
Moreover, it is coated with a quarter-wavelength matching layer,
which is made of parylene ( εr = 2.72) at 400 GHz. The inset
shows the detailed bow–tie geometry, which has the width and
length of 2 mm × 2 mm, the gap size of 10 μm × 10 μm, and
the taper angle of 45◦.

A. Norton Current Generator in Reception

This BTA presents almost constant and real input impedance
below 1 THz, which can be approximated as a resistance, i.e.,
Za(f) ≈ Ra = 70 Ω, as discussed in [33]. Therefore, we can
use the similar Norton equivalent circuits in Tx and Rx, as
explained in the previous sections, where the load in Fig. 1(c) is
Z0 = Ra ≈ 70 Ω, and the generator impedance in Fig. 7(c)
is also Ra. It is worth mentioning that the main limitation
of these assumption is that we would not properly model the
low frequencies where the PCAs become small in terms of
wavelengths and stop working as broadband antennas (i.e., their
input impedance will change significantly).

The QO link in Fig. 11 is similar to the scenarios, as shown in
Figs. 1(a) and 7(a). However, now, the transmitted THz wave will
suffer from dispersion due to the propagation through the link,
in contrast to the nondispersive transmission line assumption
taken previously. In terms of the modeling, the main difference
is that the current generator of the Norton circuit in Rx will not
be two times the load current in Tx as in (6). To evaluate this
current generator in the presence of the QO link, we resort to
the antenna in Rx formulism and the reciprocity theorem in FD
[35], [36], which is very similar to the analysis in [11], [40],
and [44]. There, the Thévenin open-circuit voltage V Rx

oc (f) was
expressed as a field correlation on a decided surface Sc for each
frequency

V Rx
oc (f) I0 (f) =

2

ζ0

∫
Sc

�ESc
PO−Tx (�r, f) · �ESc

PO−Rx (�r, f) d�r,

(12)
where ζ0 is the free-space impedance, �ESc

PO−Tx(�r, f) is the spec-
tral field amplitude radiated by the PCA in Tx from Fig. 11 on
the surface Sc, �ESc

PO−Rx(�r, f) is the field radiated by the PCA in
Rx from Fig. 11 on Sc when it is operated in the Tx mode, and
I0(f) is the current input at the receiving antenna when used
in the Tx mode. Once the spectral Thévenin voltage V Rx

oc (f)
is calculated, we can derive the corresponding spectral Norton
current simply as IRx

gen (f) = V Rx
oc (f)/Ra and then derive its

TD representation as follows:

iRx
gen (t) = Re

[
2

∫ ∞

0

IRx
gen (f) ej2πftdf

]
. (13)

Here, one-sided inverse FT (IFT) is implemented since we
only consider positive frequencies. The Norton circuit in Rx is
then solved using the marching-on-time technique in (9).

B. Numerical Simulations of the QO Link

In order to evaluate (12), we use simulations done in two
commercial software: CST [45] to obtain the PCA fields radiated
into a semi-infinite silicon medium, and the PO solver of TICRA
GRASP [46] to perform the field propagation from the silicon
lens to the surface Sc. For convenience, Sc is taken in the middle
of the link, as shown in Fig. 11. The fields radiated by both
PCAs, �ESc

PO−Tx(�r, f) and �ESc
PO−Rx(�r, f), are the same at this

plane because of the link symmetry; thus, only one needs to
be numerically evaluated.

In CST, the BTA is excited with an impressed current in the
gap with the amplitude of ICST(f). The far-field performance
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Fig. 13. Co-pol PO fields propagated to Sc evaluated using GRASP,
�ESc, GRASP

PO−Tx (f), in the (a) E-plane at 200, 500, and 800 GHz, and in the
(b) XY-plane at 500 GHz.

of this BTA, when radiating inside the semi-infinite silicon
medium, was discussed in [47]. The patterns at all frequencies
oscillate significantly and their maxima are not at broadside.
Therefore, they cannot illuminate the lens efficiently as ex-
plained in [34]. By using an in-house PO tool [36], the secondary
fields radiated by the silicon lens in free space are evaluated.
These fields were also discussed in [47] and they show nonbroad-
side and oscillating behaviors, especially at high frequencies.
Although the used BTAs have poor radiation performance, they
are available in our laboratory and we use them to validate
the proposed model. To achieve better radiation performance,
one can use the leaky lens antenna introduced in [34] and
characterized in [47]. As discussed in these works, this type
of antenna has a much higher gain than the BTA and couples
better with the QO components.

The secondary fields are then propagated toward the left-side
plano-convex lens, as shown in Fig. 11, and collimated by it.
This lens (TPX 50) has a diameter of 35.5 mm, an effective
focal length (EFL) of 50 mm, a thickness of 8.5 mm, and a
refractive index of 1.46. The focus of this TPX lens is aligned
with the phase center of the hemispherical lens. This setup was
simulated in GRASP with the distance d1 = d3 = 22.5 mm and
d2 = 150 mm, and the ray tracing is shown by the blue rays.
The simulated PO fields are defined as �ESc,GRASP

PO−Tx (�r, f) and
�ESc,GRASP

PO−Rx (�r, f), which are identical in our case. The ampli-

tude pattern of �ESc,GRASP
PO−Tx (�r, f) is shown in Fig. 13(a) in the

E-plane and, in Fig. 13(b), in the XY-plane (at 500 GHz). Here,
the cartesian coordinate system with XSc and YSc is used to
represent the plane Sc. We also observe significant oscillation
of the PO fields.

The PO field �ESc,GRASP
PO−Tx (�r, f) is proportional to the CST

impressed current ICST(f). Therefore, this field can be related
to the PO field in (12), i.e., �ESc

PO−Tx(�r, f), via the amplitude
renormalization between ICST(f) and the load current in Tx,
ITx

load(f), as follows:

�ESc
PO−Tx (f) =

ITx
load (f)

ICST (f)
�ESc, GRASP

PO−Tx (f) . (14)

If we substitute (14) into (12), the generator current IRx
gen(f)

can be calculated numerically. Using the normalization de-
scribed in (14), the amplitude of IRx

gen(f) is well modeled without
introducing approximations as in [11].

Fig. 14. Simulated link transfer function H(f). (a) Amplitude. (b) Phase. The
total dielectric loss of the used two TPX lenses is also shown.

Before we evaluate the current detected in the PC receiver,
we can analyze the amplitude and phase dispersion of the QO
link itself by means of the link transfer function H(f). It only
quantifies the field propagation between two PCAs and does not
include the circuit analysis of the PC gaps. This means thatH(f)
is independent of the Norton circuits discussed before and it is
calculated as follows:

H (f) =

∫
Sc

�ESc,GRASP
PO−Tx (�r, f) · �ESc,GRASP

PO−Rx (�r, f) d�r

2ζ0PCST
acc (f)

(15)

where PCST
acc (f) = 1/2|ICST(f)|2Ra is the accepted power in

the CST simulations. H(f) is always smaller than one and is
independent of the actual current amplitude in the PC gaps.
For the analyzed QO link and BTAs, the resulting amplitude
of H(f) is shown in Fig. 14(a). The total dielectric loss of
the used two TPX lenses is also shown. Note that, for the
mentioned PCA lens diameter (10 mm), the PO approach is
not accurate when the frequency is below 150 GHz since the
lens is too small. Therefore, the simulated H(f) cannot be
accurately estimated at low frequencies and we truncate it for
f < 150 GHz (the proposed link is too large to simulate in a
full-wave simulator below 150 GHz). This truncation will be
performed for all frequency-related figures in the following.
Due to the high dielectric loss and the poor radiation of the BTA
mentioned before, the amplitude ofH(f) is quite low. The peaks
in H(f) are caused by the matching layer, which is resonant
around 400 GHz and multiple frequencies. The phase ofH(f) is
shown in Fig. 14(b). It presents linear behavior that corresponds
to the forward-wave propagation along the QO link. SinceH(f)
represents the dispersion of the QO link, by considering the field
normalization in (14), the generator current in Rx, IRx

gen(f), can
be related to the load current in Tx, ITx

load(f), viaH(f) as follows:

IRx
gen (f) = 2ITx

load (f)H (f) . (16)

C. Currents Detected in the PC Receiver

Let us now evaluate the detected currents of the PC receiver,
as shown in Fig. 11. Here, we consider a biasing voltage of Vb =
30 V for the PCA in Tx, and the laser optical power of P̃ Tx

opt =

P̃Rx
opt = 30mW. The recombination time is τTx

c = τRx
c = 700 fs,

the scattering time is τTx
s = τRx

s = 8.5 fs, and the generation
efficiency is ηTx

gen = 25.6% and ηRx
gen = 16.6%.
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Fig. 15. Comparison between the generator current in Rx IRx
gen(f) and the load

current in Tx ITx
load(f) in the (a) FD and (b) TD.

Fig. 16. Detected current id(td) compared with the generator current in Rx
iRX
gen(t) and the load current in Tx iTx

load(t) when the QO link in Fig. 11 is used.
τTx
c = τRx

c = 700 fs, τTx
s = τRx

s = 8.5 fs, ηTx
gen = 25.6%, ηRx

gen = 16.6%,

P̃ Tx
opt = P̃Rx

opt = 30 mW, and Vb = 30 V.

Fig. 17. Photographs of the measured bow–tie-based PCA. (a) Perspective
view. (b) Bottom view.

By implementing the current relation in (16), the generator
current in Rx, IRX

gen(f), is calculated. It is shown in Fig. 15(a) and
compared with the load current in Tx, ITx

load(f). Here, IRX
gen(f)

is truncated for f < 150 GHz, as mentioned before, while
ITx

load(f) is not truncated since it corresponds to the iTx
load(t) in

Fig. 2(b). Due to the link propagation, IRX
gen(f) is distorted and

its amplitude follows the relation in (16). We then perform IFT
on the spectral currents to obtain their time evolutions, which are
shown in Fig. 15(b). The waveform of iRX

gen(t) is also distorted
and the amplitude drops in line with the spectral difference. Note
that, besides the link propagation, the truncation of the spectral
current also introduces distortion.

Finally, the detected current id(td) is estimated using (10) and
it is shown in Fig. 16 compared with iRx

gen(t) and iTx
load(t). Due to

the use of the BTAs and the dispersive QO link, the THz pulse

Fig. 18. Schematic representation of the measurement setup with the photo-
graph shown in the inset. The laser beams are represented by the red rays, while
the THz signals are the yellow rays. The indicated distance is fL1 ≈ 20.1 mm,
d1 = d3 ≈ 22.5 mm, and d2 ≈ 150 mm.

Fig. 19. Measured power profiles of the focused laser beams at the gaps of
the PCAs in (a) Tx and (b) Rx. The black curves are the Gaussian fits of the
measured points.

in Tx, i.e., iTx
load(t), is distorted when arriving at the receiver.

Such distortion (including the truncation distortion) is quanti-
fied by F (iRx

gen, i
Tx
load) = 57.5%. Then, iRx

gen(t) is reconstructed
by id(td). The waveform of id(td) has wider pulsewidth and
higher sidelobes compared with iRx

gen(t) and the fidelity factor is
F (id, i

Rx
gen) = 90.8%. Such pulse distortion is mainly related to

the very long recombination time of the receiver ( τRx
c = 700 fs),

which is similar to the case, as shown in Fig. 10(b). Finally, the
total distortion of the link is calculated asF (id, i

Tx
load) = 43.1%.

V. EXPERIMENTAL CHARACTERIZATION OF THE QO LINK AND

THE RECEIVER

The proposed QO link, as shown in Fig. 11, with the above-
mentioned bow–tie-based PCAs was measured in our laboratory
at TU Delft. Fig. 17 shows a photograph of the measured PCA.
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Fig. 20. Measured detected current of the PC receiver (PCA 2) when Vb = 30 V for the source (PCA 1) with P̃ Tx
opt = 10 mW and P̃Rx

opt = 9 mW. (a) Time
signal. (b) Spectrum. The spectrum truncated for f < 150 GHz is shown by the dashed curve in (b). Measured detected currents (after truncation) compared with
the simulations. (c) and (d) correspond to P̃ Tx

opt = 10 mW and P̃Rx
opt = 9 mW. (e) and (f) are P Tx

opt = 30 mW and P̃Rx
opt = 28 mW. The amplitude of the time signals

is normalized to the maxima at td = 0. The spectra are normalized to f = 150 GHz and the loss of the TPX lenses in Fig. 14(a) is included in the simulations.

The PCA is mounted on a holder, as explained in [48]. The
PCA holder has an SMA connector, which is used either to bias
the PC source or to read out the current detected by the PC
receiver. A schematic of the measurement setup, together with
a photograph of it, is shown in Fig. 18. This setup uses the free-
space 780 nm laser output of a commercial THz spectrometer
TERA K15 from Menlo Systems [37] to optically illuminate
our PCAs. We split the output laser power equally for both laser
ports and the maximum output power is about 100 mW per port.
The PC source is biased by a dc power supply with the voltage
Vb, whereas the PC receiver is connected to a dc current meter.

The output laser beam arriving at L1 has a 1/e2 radius ofw0 ≈
0.7mm. To achieve the ideal illumination on the gap of the PCA,
we use a plano-convex lens L1 to focus the incoming laser beams
(see Fig. 18). This lens is LA1074-B-ML from Thorlabs and has
a diameter of 12.7 mm and an EFL of 20 mm. The focused laser
beam has a radius of w1 = 8.5 μm. This corresponds to the
FWHM of 10 μm, which is the same as the gap size of the PCA,
i.e., FWHM = Wx = Wy . Note that the free-space optical
path for the source in Fig. 18 is longer than that of the receiver.
This is because the optical path of the port in Tx is shorter than
that in Rx inside TERA K15 and we need to add this extra length
to assure that the detected THz signal is within the range of the
optical delay unit (ODU) of TERA K15.

The spot sizes of the focused laser beams in both Tx and
Rx were measured along two orthogonal axes (y and z axes)
using the knife-edge technique with two metal blades [48]. The
results are shown in Fig. 19(a) and (b) for the source (PCA 1) and
the receiver (PCA 2), respectively. The amplitude of the power

profiles is normalized to the laser power after the focusing lens
L1 and L4, which is P̃ Tx

L ≈ P̃Rx
L ≈ 94mW, respectively. Thanks

to the extensive alignment procedures, the profiles have excellent
Gaussian shapes for both laser ports. The FWHM of the source
is 9.3 μm (y-axis) and 10 μm (z-axis), which leads to an average
spillover efficiency on the PC gap of 60.5%. By also considering
the absorption efficiency of the LT GaAs substrate, the optical
efficiency is ηTx

opt = P̃ Tx
opt /P̃

Tx
L ≈ 35.7%. While for the receiver,

the FWHM is 10.1 μm for both axes; thus, the average spillover
and optical efficiency is 57.1% and ηRx

opt = P̃Rx
opt/P̃

Rx
L ≈ 33%,

respectively.
We then measure the currents detected at the receiver using

the setup in Fig. 18, similar to what was done in [49] and
[50]. To synchronize the receiver with the source, we fix the
optical path of the laser pulses in Tx and change the one in
Rx by using the ODU inside TERA K15. The measured id(td)
is shown in Fig. 20(a) when Vb = 30 V for the PC source
with P̃ Tx

opt = 10 mW and P̃Rx
opt = 9 mW, and its corresponding

spectrum Id(f) is plotted in Fig. 20(b). The amplitude of id(td) is
measured using a Keithley 2000 multimeter with an integration
time of 200 ms. We obtain a fidelity factor F (id, i

Tx
load) = 65%

comparing the waveform of id(td) with the load current in
Tx iTx

load(t). Since the PO approach is not accurate when the
frequency is below 150 GHz, we need to truncate the measured
spectrum for f < 150 GHz [see Fig. 20(b)] to have a fair
comparison with our simulations. We then perform the IFT on
the truncated spectrum to obtain the corresponding time signal,
which is plotted in Fig. 20(a) by the dashed curve. This curve
shows that the low-frequency spectrum has a strong impact on
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Fig. 21. Measured DC currents at the maxima position (td = 0) in Fig. 20
compared with the simulations. Two biasing voltages Vb = 20 V and 30 V are
considered for the source. The current measured using the Menlo Systems [38]
is also shown.

the detected current. After the truncation, the width of id(td)
significantly decreases with higher sidelobes and lower main
lobe. The fidelity factor now becomes 46.5% (including the
truncation distortion). This current and its truncated spectrum are
referred to as the measured current and spectrum in the following
for convenience.

Following the procedures, as discussed in Section III, we can
solve the Rx circuit for different time delays and obtain the
simulated detected current id(td). To best fit the waveform of
the measured pulse in Fig. 20(a), the recombination time of both
PCAs is found to be the same, and their values are set as τTx

c =
τRx
c = 700 fs. In Appendix B, we have shown that the PC source

(PCA 1) radiates more power than the receiver (PCA 2) due to
different material properties. To best match our simulations with
the power measurements, the scattering time of both PCAs is
set to be τTx

s = τRx
s = 8.5 fs, and the generation efficiency is

ηTx
gen = 25.6% and ηRx

gen = 16.6%.
Then, we substitute these parameters into the simulations

compared with the measurements. The comparison is shown
in Fig. 20(c) and (d) for P̃ Tx

opt = 10 mW and P̃Rx
opt = 9 mW, and

in Fig. 20(e) and (f) for P Tx
opt = 30 mW and P̃Rx

opt = 28 mW.
The simulated spectra are also truncated for f < 150 GHz and
the agreement with the measurements in both cases is excellent.
These spectra decrease fast because τc of both PCAs is very
long. By performing IFT, the simulated detected currents are
also in excellent agreement with the measurements. Further-
more, we measured the maximum detected dc currents when
the laser pulses in Rx are synchronized with the peaks of the
THz pulses. This corresponds to the maxima position ( td = 0)
shown in Fig. 20(c) and (e). These dc currents are calculated
when the spectra are truncated and are plotted in Fig. 21 versus
P̃Rx

opt . The simulations were done under the same conditions and
they match well with the measurements for different Vb. Such
good matching further confirms that τTx

s /τRx
s and ηTx

gen/η
Rx
gen are

properly evaluated. As a reference, when using the source and
the receiver from Menlo Systems [38], the measured dc current
is less than 0.4 μAwhen P̃Rx

opt ≈ 30mW and Vb = 100V. To our
best knowledge, this is the first time that the detected currents
are simulated in a link between PCAs and compared with the
measurements in both the waveforms and the amplitude.

VI. CONCLUSION

In this work, we characterize the generation and detection of
the THz pulses between a pulsed PC source and a receiver via
the TD Norton equivalent circuits. We first briefly introduce the
TD Norton circuit for the PC source. To simplify the numerical
time-marching evaluation of the TD circuit, we introduce a
constant generator resistance and propose an approximated FD
circuit. This circuit can be solved analytically and is capable of
accurately predicting the radiated power. Therefore, this circuit
is a very powerful tool to analyze and design PC sources,
especially when the goal is to maximize the radiated power,
without spending more optical power than necessary.

We then consider a nondispersive transmission line as the QO
link to analyze the PC receiver. A similar TD Norton equiva-
lent circuit is proposed to characterize the photocurrents in the
receiving PC gap. Afterward, a stroboscopic sampling process
is implemented to evaluate the detected currents. It is found
that the reconstruction quality (fidelity factor) of the detected
currents with respect to the load currents in Tx is directly related
to the recombination time of the receiver. Finally, we analyze
a dispersive QO link between two bow–tie-based PCAs using
a field correlation approach. The fields radiated by the PCAs
are evaluated in the middle of the link using the full-wave
simulations combined with a PO approach. These fields are used
to calculate the link transfer function and the current generator
of the receiving Norton circuit. The detected currents are then
reconstructed in both amplitude and waveforms.

To validate our proposed modeling methodology, we mea-
sured the detected currents at the PC receiver using the proposed
QO link. The measurements of the pulsewidth indicate that the
used PCAs have a long recombination time of 700 fs. After trun-
cating the measured spectra for f < 150GHz, the corresponding
time signals are in excellent agreement with the simulations. We
also compare the peak amplitude of the detected dc currents,
showing very good agreement. The proposed methodology is
validated and is applicable to different PCA structures and QO
links. Therefore, this method can be used to analyze and optimize
the generation and detection of THz pulses for future imaging
and spectroscopy applications.

APPENDIX A
APPROXIMATION OF THE NORTON EQUIVALENT CIRCUIT IN

TRANSMISSION

To simplify the time-marching evaluation of the TD Norton
equivalent circuit, we approximate the nonlinear constitutive
relation of the internal generator current in (3) as a simple
resistance, which was also discussed in [39]. To achieve this,
we introduce an auxiliary quantity defined as the pseudo energy
dissipated in the Norton generator load branch, which can be
evaluated as follows:

ETx
pseudo (Z0) =

∫ t0+T

t0

vTx
int (t, Z0) i

Tx
int (t, Z0) dt. (A.1)

Here, ETx
pseudo is indicated as the pseudoenergy because it does

not represent the actual energy dissipated in the gap and the
proposed Norton circuit does not model the dc components [32].
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It is convenient to introduce an equivalent generator resistance
RTx

int(Z0) that is constant in time and would provide the same
energy dissipation as in the internal generator branch in (A.1)

ETx
pseudo (Z0) =

∫ t0+T

t0

RTx
int (Z0)

[
iTx
int (t, Z0)

]2
dt

⇒ RTx
int (Z0) =

∫ t0+T

t0
vTx

int (t, Z0) i
Tx
int (t, Z0) dt∫ t0+T

t0

[
iTx
int (t, Z0)

]2
dt

. (A.2)

Fig. 5(b) shows the values of RTx
int(Z0) calculated using the

time-marching method versus the laser optical power P̃ Tx
opt when

different loads are considered, i.e.,Z0 = 20Ω, 70 Ω, and 300 Ω.
The corresponding RTx

int(Z0) is comparable to ZTx
int (f) in Fig. 4

at low frequencies. Moreover, the curves of RTx
int(Z0) for all Z0

values are quite close to each other, so we can assume that
RTx

int(Z0) is independent from the load resistance. It suggests
that we can solve the circuit for Z0 = ∞. In this case, the load
plays no role and the voltage-to-current relation can be evaluated
analytically without the marching-on-time procedures, using the
approximations discussed in the following sections.

A. Very Short Carrier Scattering Time

When the carrier scattering time τTx
s is very short (for LT

GaAs, τTx
s is in the order of 10 fs), the exponential term in

(3), i.e., e−(t−t′)/τTx
s , decreases very rapidly with respect to the

voltage evolution νTx
int (t

′). In such a situation, we can assume that
νTx

int (t
′) is constant in the time interval where the exponential term

is significantly different from zero so that the inner integral in
(3) can be approximated as follows:

∫ t

t′′
e
− t−t′

τTx
s νTx

int (t
′)dt′ ∼= νTx

int (t)

∫ t

t′′
e
− t−t′

τTx
s dt′

= νTx
int (t)τ

Tx
s

(
1− e

− t−t′′
τTx
s

)
. (A.3)

Accordingly, the current iTx
int(t) in (3) can be approximated as

follows:

iTx
int (t)

∼= τTx
s q2e
me

WyWz

Wx
νTx

int (t)

∫ t

t0

nTx
p (t, t′′)

(
1− e

− t−t′′
τTx
S

)
dt′′. (A.4)

If we next consider LT GaAs as the photoconductor material,
i.e., we assume τTx

c � τTx
s , (A.4) can be further approximated

as follows:

iTx
int (t)

∼= τTx
s q2e
me

T

W 2
x

ηTx
genP̃

Tx
opt

hfc
νTx

int (t)

∫ t

t0

1

τp

√
4ln2

π
e
−4ln2

(
t′′
τp

)2 (
e
− t−t′′

τTx
c − e

− t−t′′
τTx
s

)
dt′′. (A.5)

Equation (A.5) is similar to the corresponding expression in
[51], but here (A.5) retains the dependence of the current at time
t that accounts for the history of the voltage on the gap.

B. Instantaneous Laser Pulses

The integral in (A.5) can be easily evaluated numerically;
however, to acquire deeper physical understanding, we can
further assume that the laser pulse duration is instantaneous, i.e.,

τp → 0. Under this hypothesis, the term 1
τp

√
4ln2
π e

−4ln2( t′′
τp

)
2

becomes a Dirac delta function δ(t′′). Thus, for t > 0, iTx
int(t)

can be written as follows:

iTx
int (t)

∼= μTx
dc

qeT

W 2
x

ηTx
genP̃

Tx
opt

hfc
νTx

int (t)

(
e
− t

τTx
c − e

− t

τTx
s

)
(A.6)

where μTx
dc = τTx

s qe/me is the dc mobility of the PC material. It
is worth noting that, in the time interval t = (2τTx

s ,∞) , e−t/τTx
s

in (A.6) becomes negligible with respect to e−t/τTx
c since we

assume τTx
c � τTx

s . Thus, the value of iTx
int(t) is mainly related

to the recombination rate of the excited electrons.
For the LT GaAs discussed in this article, the single integral

approximation that leads to (A.5) is well justified, while the
approximation resulting in (A.6) is rougher since the pulse
duration could be comparable to the recombination time.

Nevertheless, (A.6) can be used to estimate the current
iTx
int(t, Z0) in (A.2) to obtain RTx

int(Z0). Here, since RTx
int(Z0) is

almost independent of the load [see Fig. 5(b)], we assume that
Z0 = ∞. This corresponds to an open-circuit case and, thus, the
voltage on the gap is assumed to remain constant as equal to the
biasing voltage Vb. By substituting vTx

int (t) = vTx
load (t) = Vb into

(A.6), we obtain an analytical expression for iTx
int(t). Then, the

Norton resistance in (A.2) can be analytically calculated and the
expression is shown by (5).

APPENDIX B
MEASUREMENTS OF THE RADIATED THZ POWER

PCA 1 (the source) and PCA 2 (the receiver) have identical
geometries; however, since they were fabricated from different
locations on the same LT GaAs wafer, they could have different
material properties. To quantify the recombination time, the
scattering time, and the generation efficiency for the used PCAs,
besides the current measurements, as described in Section V, we
also measured the THz power radiated by each PCA using the
setup, as shown in Fig. 22 (similar to what was done in [33]).
We use a PM5 power meter (Virginia Diodes) connected to a
conical WR10 horn antenna to capture the THz fields focused
by the focusing lens L3.

The measured power is shown in Fig. 23 for a biasing voltage
of Vb = 30 V versus the optical power P̃ Tx

opt in the gap. We
can observe that even if the used PCAs and the measurement
setups are identical, different radiated powers are detected. From
this, we can conclude that the used LT GaAs substrate of each
PCA has different material properties. The recombination time
of the PC material is mainly associated with the width of the
radiated THz pulses, thus the integration time for the power. We
estimate its value according to the measurements of the detected
currents, as discussed in Section V, and τTx

c = τRx
c = 700 fs. In

our model, the radiated power is also proportional to the values
of the scattering time and the generation efficiency. Since PCA
1 radiates about 4 dB higher power than PCA 2, we can assume
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Fig. 22. Schematic representation of the setup for the power measurement
with the photograph shown in the inset. The laser beams are represented by the
red rays, while the THz signals are the yellow rays. The indicated distance is
fL1 ≈ 20.1 mm, l1 ≈ 22.5 mm, l2 ≈ 63 mm, and l3 ≈ 20 mm.

Fig. 23. Measurements and simulations of the radiated THz power P Tx
det for

both PCAs when using the setup in Fig. 22. PCA 1 is later used as the source,
while PCA 2 is the receiver. In the simulations,Vb = 30V, τTx

c = τRx
c = 700 fs,

τTx
s = τRx

s = 8.5 fs, ηTx
gen = 25.6%, and ηRx

gen = 16.6%.

that τTx
s ηTx

gen ≈ 1.6τRx
s ηRx

gen. We then apply the same procedures
described in [33] to obtain the EM simulations of the setup. Note
that the accuracy of the simulations for the QO link is limited
below 150 GHz, as explained in Section IV. We estimate the
values of τTx

s /τRx
s and ηTx

gen/η
Rx
gen for both PCAs by matching

the power simulations with the measurements. Eventually, we
set τTx

s = τRx
s = 8.5 fs (in line with the values in [33]), ηTx

gen =

25.6%, and ηRx
gen = 16.6% (as the fitting parameters) for the best

match, as shown in Fig. 23. ηRx
gen has a lower value possibly

because the LT GaAs is not properly annealed [43], [52], [53],
[54], as the measured dark resistance of PCA 2 (50 MΩ) is much
lower than that of PCA 1 (∞ Ω).
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