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We present here a simulator that solves the main semiconductor charge and transport equations coupled to
Maxwell equations to study receivers based on photoconductive antennas (R-PCAs). Making use of this tool
we were able to correctly characterize the operation of these antennas. In doing so, we compared simulations
with the results of the semi-empirical expression Iy, () « 6.(2) * E1y, () employed to evaluate the detected
photocurrent by means of the convolution between the photoconductivity in the receiver and the electric field
linked to the emitter antenna. We were able to accurately reproduce experimental data with our simulation tool.
These kinds of tools are essential to model photoconductive antennas, a fundamental step needed for the develop-

ment of terahertz time-domain spectroscopy applications based on PCAs.
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OCIS codes: (040.2235) Far infrared or terahertz; (040.5160) Photodetectors; (040.0040) Detectors; (300.6500) Spectroscopy,
time-resolved; (300.6495) Spectroscopy, terahertz; (110.6795) Terahertz imaging.
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1. INTRODUCTION

Terahertz time domain spectroscopy (THz-TDS) and imaging
(THz-I) have been the subject of intense research in the last few
years. The application of these technologies has led to many
promising applications with a strong future potential [1-5].
THz-TDS and THz-I techniques have been employed in ap-
plications that extract information from materials that cannot
be obtained by using other techniques; this was achieved by
analyzing their interaction with terahertz electromagnetic fields
[6-9]. Although there exists a broad variety of commercial sys-
tems and applications for THz-TDS and THz-I, there are
many challenges to be solved in the current state-of-the-art tera-
hertz technology. In this respect, some of the issues that have to
be addressed are the following: production of compact systems
operating with terahertz high-power sources with lower prices,
more efficient emitters and receivers with lower noise levels,
exploration of techniques to mitigate scattering in THz-
TDS, etc. [10-12]. In addition, the analysis of the reception
process in photoconductive antennas (PCAs) is also a key sub-
ject that has to be studied in depth. In this context, we can
check how scattering mitigation techniques are really working
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over the true absorption spectra measured in a receiver based on
a PCA (R-PCA). In this paper we deal with this problem, i.c.,
the analysis and characterization of reception processes in
PCAs. To do so we have developed a new numerical method
based on FDTD [13]. The PCA emission has been already
studied [14-20]. There are numerical and experimental studies
of receivers based on PCAs [19,21-24]; however, as far as we
know, the lack of simultaneously simple and accurate numerical
methods to simulate reception processes is one of the issues of
major concern in THz-TDS and THz-I studies. That is what
we do here; for the development of the numerical method pre-
sented we have dealt with the usual trade-off, simplicity versus
accuracy, in order to address a realistic description of a receiver
within a feasible and reasonable numerical approach.

In the last few years, several attempts to improve THz-TDS
and THz-I technology have been published [25-28] by means
of high-cost experimental research studies, in both time and
resources. It is well known that a numerical tool can help to
improve many facets of this technology at a low cost.
Additionally, a numerical tool can supply extra information
useful to understand the inner mechanisms of the physical
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processes undergoing the PCA operation; this knowledge is
essential to take into account in the broad terrain of antennas
design [29].

In general, the use of photoconductive devices has been
assumed to be contextualized in the high-power and high-
frequency application realms. In the high-power domain, wide
bandgap materials such as GaN and SiC are used for optically
triggered power semiconductor devices [30,31]. For high-
frequency applications, narrow bandgap materials like
LT-GaAs are used in photoconductive layers in THz photocon-
ductive antennas [32-34].

In this paper we will simulate receiving PCAs made of
LT-GaAs which are illuminated with plane waves generated
in other PCAs; the latter antennas were numerically described
in a previous work [20]. In [20] the photocurrents in nonbiased
PCAs were obtained by convolving the electric field radiated by
the emitter antenna with the photoconductivity in a nonbiased
PCA. Here we follow this approach by comparing the simu-
lated profile of the current in the receiver with the convolution
of the electric field radiated by the emitter antenna and the
photoconductivity in the receiver and, obviously, both profiles
with experimental data [35,36].

In the calculations presented here, the PCA lens and the
semi-insulator substrate are not taken into consideration.
We do so after demonstrating that both PCA components
can be neglected in detection processes with normal incidence
of the radiated field. This latter result is important for the
development of a simulation tool to study, in direct sampling
detection [22,24], the signal-to-noise ratio (SNR) with a par-
ticularly simple computational domain [see Fig. 1(d)] in a real-
istic manner. As is well known, SNR is related with the carriers’
lifetime and mobility, the laser shot noise, and Johnson—
Nyquist noise [21,22,37-39]; therefore, the simulation tool
presented allows the study of all these components in relation
to SNR. These features can be of great help in connection to
the design analysis of receivers based on PCAs.

The organization of the paper is as follows: in Section 2, we
introduce the numerical approach employed by defining the
photozone region, showing how to calculate the electric field
radiated by the simulated dipoles, and explaining the method
to simulate reception processes with PCAs; in Section 3, we
describe the main features of our simulator and show how
to calculate the photocurrent. In Section 4, the main results
are presented and discussed, and finally, in Section 5, the
conclusions are drawn.

2. TRANSIENT PROCESS CHARACTERIZATION

In Fig. 1(a) we show a complete PCA, consisting of a photo-
active layer (LT-GaAs) grown on a semi-insulating substrate
(SI-GaAs) placed on a dielectric lens (polyethylene). On the
photoactive layer, metal contacts are deposited to bias the emit-
ter PCA and measure the intensity of current (in a receiver
based on a PCA). Emitters and receivers are illuminated
by a laser just at the gap between the metal contacts.
Therefore, the main change in photoconductivity, and hence
in the current density, takes place close to this gap. It is a zone
(we analyze in 3D) that involves a specific region of the photo-
active layer, located under the gap between the metal contacts.
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Fig. 1. (a) Photoconductive antenna formed by a photolayer of
LT-GaAs on SI-GaAs substrate and a dielectric lens under the sub-
strate. (b) PEC contact on the photozone. (c) The photozone.
(d) Computational domain simulated.

This is the area christened photozone and illustrated in
Fig. 1(c). In this work, as in previous ones [20,29,40], the en-
tire computational domain consists of the photozone plus the
metal contacts. The sketch in Fig. 1(d) shows one of the two
computational simulated domains. As reported previously [41],
ohmic contacts are employed for a better electron injection
accounting for the reduction of the Schottky barrier height.

In summary, we do not simulate the entire PCA; instead, we
simulate a part of the antenna, the photozone.

A. Emitter PCA, the Radiated Field

The numerical method of an emitter antenna to determine the
field radiated by the dipole antenna has been described in [20].
To determine the radiated field we have used the equivalence
theorem and the algorithm of transformation from near field to
far field (NF-FF) [13,42]. Figure 2 shows a plane wave propa-
gating into the Z-axis in the descending direction, linearly po-
larized in the Y-axis. The NF-FF transform has been performed
in spherical coordinates toward the direction (0 = 7, ¢ = 0),
where ¢ is measured from the X-axis. Under these circumstan-
ces Eg < E, and we select Ery,(2) = E,(r) = E,(¢) as the
electric field sketched out in Fig. 2(b).

B. R-PCA Simulation

To simulate the reception process in the computational do-
main, the receiving antenna is placed inside the illumination
box or light source box. Then we divide the computational do-
main into two regions. The region inside the illumination box
is called the region of total field, whereas the outer region is
called the region of scattering field. These concepts are widely
treated in the literature [13]. Figure 3 shows how the region of
the scattering field, the region outside the illumination box, is
enclosed by convolutional perfectly matched layers. We sur-
round the illumination box in order to absorb the incident field
reflected on the R-PCA and also to absorb its own radiated field
by the R-PCA. In the region of total field, the use of the equiv-
alence theorem allows considering that the radiation that
reaches the receiver is a plane wave pulse, and therefore the
reception process can be simulated under this assumption.
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Fig. 2. (a) Near-field to far-field transform box surrounding the

emitter antenna simulated in [20] (not to scale). (b) Eryy,(#) achieved
in the previous work [20].

It should be noted that the plane wave is built with the pro-
file radiated (at the far-field region) by an emitter antenna. We
simulate here two R-PCAs, a face-to-face (FF) dipole and an
offset dipole [36]. In the previous work [20] we simulated a
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Fig. 3. Description of a plane wave, with the profile shown in
Fig. 2(b), that arrives at the receiving antenna photozone. The plane
wave was generated by the light source, as described in [13]. This
sketch is not shown to scale.
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FF dipole. Its radiated field profile [see Fig. 2(b)] is detected
in this paper with another FF dipole corresponding with dipole
[I'in [35]. In addition, an offset dipole has been simulated with
the algorithms described in [20] and in this paper, we have re-
produced its radiated electric field making use of the same offset
dipole geometry.

The first shot of the laser pulse must be synchronized with
the front of the plane wave in order to induce a rise photocon-
ductivity at the moment the front of the plane wave reaches the
receiver. There must be free-charge carriers when the incident
electric field interacts with the receiver to be swept. These car-
riers are moved by the electric field and generate an electric
intensity of current (the calculation will be explained below)
and allow a way to sample the incident electric field.

In addition, we can sample the incident electric field
Et11,(2) by using the semi-empirical equation (1). The convo-
lution of the photoconductivity over the incident electric field
highlights the most characteristic effect produced in the receiver
by the incident electric field £y, (#). This approach has been
widely employed [35,43-46], and the calculation is performed

as follows:

Trin(8) & 0.(6) % Exyy () = / ot -1 Eq(0)dz. (1)

We determined the photoconductivity in the photozone of a
R-PCA with the following expression:

o= [ /S R @)

where Sq is illustrated in Fig. 4(a).
Moreover, the above expression (2) was used in [20] to cal-
culate the photoconductivity in the R-PCA.

3. NUMERICAL ALGORITHMS TO IMPLEMENT
THE RECEPTION PROCESS ANALYSIS

The hybrid partial differential equation system that describes
the transient regime in the photozone of a R-PCA is given
by the following equations:

po,H( t) = -VAE(F, 1), &)
€0,E(7,t) = VAH 7, 1) - J (7 1), 4
on# ) =q'V- ]G0+ GFED-RE,  (5)

9p(1) = -4V - J,r (1) + GG o) - RG o). ()

The transient current can be obtained by means of the equation
below:

JrG0) = + T =J.G 1) + (0 1) + 60)E(F 1),
(7)

where
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Fig. 4. (a) Transverse cross section of the current density that
crosses the metal contacts and allows the calculation of the intensity
of current crossing the contacts. (b) Yee’s cell.

o(7, 1) = q(uuon(7, 1) + pyop(7, 1))

0o = q(H070 + p1,0p0)
> . — —
T 1) = qVr(pu V(5 1) =y Vp (7 1)),

and o(7, ¢) stands for the conductivity transient term and 6
for the conductivity stationary term and /(7 ¢) for the source
current. The source current here accounts for a current linked
to the diffusion process, unlike in the previous work [20].
In receiving antennas, in contrast to the results shown in
[20,40], mobility models are not essential for the final result
since the photozone is not biased by an external electric source.
For our approach we have used the following values for o =

-2 -2

8000~ and p,9 = 4005—. We assumed that the N-type
dopants in the semiconductor are completely ionized at room
temperature and hence, 70 ~ N, = 10'° cm™ and p0 = 2,
where 7; = 9 - 10° cm™. The generation, G(7, ¢), and recom-
bination rates, R(7, ¢), are the same introduced in [20]. The
laser temporal distribution o, in the generation rate is 80 fs

for the FF dipole and 115 fs for the offset dipole.

A. Differential Equations Numerical Solution:
Discretization with FDTD

The temporal scheme for discretization in the time domain
of partial differential equations (3)—(6) with FDTD was intro-
duced in [20]. Time-space discretization of Maxwell-Ampere
equation (4) along the X-axis and inside the photo area by using
the same type of Yees cell [20] [the simulation approach fol-
lowed was represented in Fig. 4(b)] led us to the following
equation:

m+% _ m m—%
Edliie = Cadlly Bl
H,|” .. -H ",
wonym, (s Ty
*litlik 5}_
J
m m
Al = Dlgey @
52/( x i+%’j’k ’

where the source current component along the X-axis direction
is given by

” o (71 = 754) = Mo (P i = P e)
= qVT ,

]IX AX

1

itk
and the transient photoconductivity is described below:
” — " " .. .

Otk = q(ﬂno”i+%,j,/e+ﬂl’0pi+%,j,/e)' In addition, coefficients

Cax|ﬁlj/? and Cbx|ﬁ1j/? in Eq. (8) can be given as follows:

2e-A, (0”:1 k+00>
L —if 2e > At <Gzr'iijk + O'0>
" 2>
Ca |m L= 2e+A, (O'H%J)k‘FO'o) )
i3,k
A, D::%’j}k+60
_ H m
e c if 2e < A, (61,4_%,].,/? + 0'0)
2A .
—— if 2e > At(aﬁ_l‘/@ +00)
2e+A, (gf”], +00) e
Lk
cb.|”,., =
x|l+%,],k A nf:ljkmo
i+h),
1l & : m
e if 2e < A, (GH%M + 60)
i+

The discretization of the semiconductor continuity equa-
tions (5) and (6) in the time and the space domains is imple-
mented by using the following equations:

m+% _ m—% 1w 7 m m m
Mk =Mt 4q Vo Jurlije + Gi,j,/e - Rz-,j,/@; 9)

m+% — m—% v .7 m m m
Pk =Piji-9V ']pT|i,j,k + Gi,j,/e - R7 (10)

where the explicit expression for the terms V - / n|l’z ,and V.

J p7|17”j , and the current divergence are detailed in Appendix A.

Finally, the boundary conditions are described in [20] with
the Eqs. (23) and (24). Taking into consideration all these con-
tributions, we can calculate the flowing through the metal con-
tacts on the surface Sq by means of the following equation

[shown in Fig. 4(a)]:
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Iy, () = AD; /A (% Yeuo 3 t = TV E, (%, Y 2 T)dxd2dz,
(11)

where v, is the laser’s repetition rate equal to 82 MHz in this
work. By delaying the laser shooting time with respect to the
incident electromagnetic field, we can shift the photoconduc-
tivity in time over the incident electromagnetic field. In this
way we can sample the incident electromagnetic field as well
as we do with the convolution [see the previous Eq. (1)].
Therefore, Eq. (11) is coherent with Eq. (A1) in [22].

4. RESULTS AND DISCUSSION

The receiver simulated with the FF dipole [see Fig. 5(b)] cor-
responds to dipole III described in [35], whereas the receiver
simulated using the offset dipole [see Fig. 5(a)] is described in
[36]. Figures 6 and 8 for the FF dipole and Figs. 7 and 9 for the
offset dipole show the comparison between the simulated cur-
rent /y,(#) (continuous black curve) in a receiving antenna
and experimental data (green dots) for FF dipole [35] and offset
dipole [36]. Moreover, the convolution of incident electrical
field hitting on the R-PCA and the photoconductivity of
the receiver (red dashed line) are also compared.

In this paper the detected current /7y, (#) was obtained
through a low-level photon flux regime 5 and far from trap
saturation conditions, so /1y, (#) shows a direct-sampling-like
behavior (the sampling falls between the direct sampling and
integrating sampling but closer to direct sampling) [24].

The generation rate in the semiconductor is mainly gov-
erned by the photoelectric effect and does not depend much
on the type of semiconductor substrate. Therefore, the femrto-
second laser used for generation influences the temporal
response of the conductivity in the receiver. Accordingly, the
bandwidth that can be sampled depends on the duration of
the laser pulses [22].

(2) @

Fig. 5. (a) Photozone of the offset dipole simulated in this paper.
The emitter PCA whose radiated field has been detected with the offset
dipole is another offset dipole. The main geometrical parameters of the
offset dipole have been taken from [36]. In this case, both emitter and
receptor have the same geometry. The thickness of the LT-GaAs sub-
strate is 1.75 pm. (b) Photozone of the face-to-face (FF) dipole also
simulated in this work. This FF dipole corresponds with dipole III
located in Table 1 of [35]. These sketches are not shown to scale.
The thickness of the LT-GaAs substrate was assumed to be 1.5 pm.
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Fig. 6. Profile detected by the FF dipole. Experimental data are
shown by green dots [35], the short dashed violet line is used for
the photoconductivity in the receiving antenna, the dashed—dotted
blue profile shows the electric field [from Fig. 2(b)], the dashed
red curve represents the convolution between the electric field
(dashed—dotted blue) and the photoconductivity (dashed violet),
and the continuous black curve portrays the measured intensity of cur-
rent for the receiver.

The main noise source related to the semiconductor sub-
strate and its electrical properties is the Johnson—Nyquist noise.
The Johnson—Nyquist noise current is inversely proportional to
the square root of the average resistance of the device. Then, the
main role played by the recombination rate in the receiver is
related with the level of SNR achieved [22].

In the emitter PCA, at points close to the gap, the density of
the photocurrent has the same structure, in the time domain, as
the photoconductivity. Therefore, by considering the Fourier
transform interpretation, the generation process is linked to
the higher frequencies radiated, and thus frequencies linked
with the generation process have more energy than the emitter
in the recombination stage. The generated electromagnetic
field in an emitter PCA, in the travel along the
LT-GaAs substrate suffers dispersion. The emitter PCA

1F - . .
- o(t)
- = Erhz(t)
s — lruz
&8 0.5¢ Y —Em(t)*o(t)
w . - Experimental data
[=]
)
=
S 0 -
o i
=
<
—-0.5¢ M

TIME (ps)

Fig. 7. Profile detected by the offset dipole. Experimental data are
shown by green dots [36], the short dashed violet line is used for the
photoconductivity in the receiving antenna, the dashed—dotted blue
profile shows the electric field (which has been simulated with the al-
gorithms developed for emitters in [20]), the dashed red curve repre-
sents the convolution between the electric field (dashed—dotted blue)
and the photoconductivity (dashed violet), and the continuous black
curve portrays the measured intensity of current for the receiver.
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presents a conductivity which attenuates some frequencies gen-
erated, but more specifically, the higher ones. Apart from the
emitter, the conductivity of the receiver photozone also
increases its value along the reception process and attenuates
frequency components. In the time domain, the conductivity
of the emitter PCAs as well as the R-PCAs disperse the electro-
magnetic fields. Also the geometry or antenna structure, in a
receiver, play an important role over the terahertz spectrum
detected due to the resonance frequency [23]. We interpret
that the difference between Egs. (1) and (11) is largely due
to the electric field. In Eq. (1) the electric field does not
suffer the same type of dispersion (time interpretation) or
attenuation of its components (frequency interpretation) as
in Eq. (11), mainly because the electric field is modified by
the receiver in a more realistic form. This fact is highlighted
in Figs. 8 and 9.

In this paper we do not take into account other dispersive
media that are presented in these kinds of devices: the semi-
insulator substrate and the lens. In spite of their low conduc-
tivities, they should not have been neglected. Their inclusion
could explain why the experimental data profiles in Figs. 8

— Iz
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0 0.5

Fig. 8. Fourier transform of the profiles in Fig. 6. Experimental data
are shown by green dots [35], the dashed red curve represents the con-
volution between the electric field (dashed—dotted blue) and the pho-
toconductivity (dashed violet), and the continuous black curve
portrays the measured intensity of current for the receiver.
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Fig. 9. Fourier transform of the profiles in Fig. 7. Experimental data
are shown by green dots [36], the dashed red curve represents the con-
volution between the electric field (dashed—dotted blue) and the pho-
toconductivity (dashed violet), and the continuous black curve
portrays the measured intensity of current for the receiver.

and 9 have fewer frequency components than the simulated
profiles, mainly in the most energetic region, for the higher
frequencies. Also, the discrepancies between detected currents
Iy, (#) and experimental data could be explained by the role
played by parameters that cannot be described accurately in all
the transport regimes considered here because of the lack of
accurate models. In connection with this fact, the following
comments should be considered. The lifetime of electrons
was assumed to be 7, =0.3 ps for the FF dipole and
7, = 0.4 ps for the offset dipole, in order to achieve the best
result. In the case of the offset dipole, Ref. [36] provides an
approximate value for the laser temporal distribution
0,~100 fs, but we have achieved better results using
o, = 115 fs. In addition, we assumed for our simulations
the conventional semiconductor physical parameters, for all
the different transport regimes considered.

Moreover, it should be highlighted that dipole FF results fit
experimental data much better than in the offset dipole case.
Therefore, the drift-diffusion model reproduces the currents in
a better way in the case of the FF dipole. This might be linked
to the role played by the mesh, since the mesh size employed to
simulate both dipoles is similar. Hence, a less abrupt change in
the electric field distribution (the case for the FF dipole) leads
to more accurate results.

Notwithstanding, as can be seen, we can simulate the recep-
tion process accurately in a PCA with an FDTD approach. The
calculation could be performed by modeling the charge trans-
port in the semiconductor by means of the drift-diffusion
model. In this way, FDTD algorithms provide enough accuracy
in a faster manner than other complex methods based on
Monte Catlo algorithms. Even though the drift-diffusion
method approach might be considered out of its natural appli-
cability frame, the versatility of the use of explicit compact
mobility models and a realistic generation rate led us to model
the physics in a successful and reasonable way.

The dispersive media, the SI-GaAs substrate and the lens,
have not been take into account in our simulation. This fact
could explain the narrower simulated /-y, (7) profile obtained
(solid black curve) in comparison with the experimental one
(green dots).

In addition, these results show that the receiver photocon-
ductivity could be considered a good approximation of the
impulsive response of the own receiver [47]. Thus convolving
any input, for instance the electric field reaching the receiver,
with the receiver photoconductivity we get a magnitude pro-
portional to the detected intensity of current /1y, (#) in the
receiver. This receiver with a linear behavior in relation to
the terahertz input is explained by the linearity of the drift-
diffusion model; Eq. (11) suggests this fact.

Our simulator allows simulation of a coherence reception
process in R-PCAs, providing knowledge of the amplitude
and phase simultaneously, without the need of Kramers—
Kronig techniques [48]. Using a dispersive media model within
the FDTD method with complex-conjugate pole-residue pairs
[49], we can characterize, in the terahertz range, a dispersive
media through its complex-conjugate pole-residue pairs com-
paring the simulated intensity of current /1y, with experimen-
tal data. This characterization can be useful in design and
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simulation of complex samples built with several media, mainly
when these media are studied utilizing THz-TDS based
on PCAs.

5. CONCLUSIONS

By means of three-dimensional device simulator [20] a new
method to study reception processes in photoconductive anten-
nas has been developed. The simulation approach is based on
solving curl Maxwell equations and the semiconductor con-
tinuity equations for electrons and holes by means of an hybrid
FDTD scheme.

A normalized result given by the semi-empirical expression
0,(t) * E1y,(7) has been compared with the simulated inten-
sity of current /7yy,(#) and also with experimental data.
Experimental data were accurately reproduced by simulations.
The results that can be obtained with our simulation tool can
help in the characterization of PCAS’ reception processes for
future THz-TDS applications.

APPENDIX A: CURRENT DIVERGENCE
CALCULATION

We calculated the current divergence with the help of

Bernoulli’s function B(x) = 3*5 as follows:

- s, ﬂn|i+l,j,/e -Ax; ”
Ax
Haligie ~Ax;
b (p( 22X g Y,
Ax;6,, Vr i3k | T
Ax.
SB[ LB, Ve
Vo i-5jk ) Ti=lj
/’tnli,jJr%,k )’] ”
+ Ay, B v, Ey|? itk | L
]
A 7
-B V )’| ij+Lk | ik
Walisk [ (-,
_ J z/? B -y] E)’|m 1, nmk
A}/ja}’j Vr 2k )
Ay,
J- m m
- B( V E.y| ij- ; )ni,jl,k>
ﬂn|i,j,/e+% Az ”
" aze,, <B< vy PRl )
Az/e m m
- B( Vs Ez|i,j,/e+§) ni,j,k)
,unlz',’, 1 -A
_ Jok=3 B Zfp- 1E |m ”m_k
Az6,, Vr bjk= | bl

Az
_B( V’;IEZW» )n”;/ﬂ) (A1)

and for holes,

.o Hy|

m

_ Pplivlie Ax; .
V 'jpli,j,k - Axl-axv (B( V Ex|l+2{]) )pl‘,j)k
A m
- B V Ex|l+2)j) Pi-‘rl,j,k
’u/" 2] —Ax- 1
> (B = Ex|” m
Ax;5,, ( ( vy P )f’z—w
Ax, 1 m m
—B( V Ex|z—7], >Pi,j,k)
:upll']*+lk A}/
72 (B LEy|”
+ ijéy] < < V .y| )]_;,_ k>[)z]/€
Ay;
J m
_B<V Ey| ,j+2)k)Pi,j+1,k>
K |l"_l -Ay.
_TPlijsk B Jj-1 7|m‘1k J'A ”
By, \O\ Vi T
Ayj,
j-1 m m
_B< V y|’] 2’ )pi’.’k>
'uplz'j/e+% Az,
> B Ez|” 4
Az, < < vy Pl )"”“’e
Azk m m
- B( Vs ,],/e+2>1’i, ',/e+1>
'“Plz'//e-l -Az;_,
_ 22 B E m
Az3,, ( ( vy ERli )Pw 1

AZ/? 1
: B( ol k__)p% ) (A2)

These expressions derive from [50] and were modified in [20]
to be applied in the simulation of transient processes.
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