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Preface

Terahertz technology has received continuously increasing attention in recent years. A key enabler of this technology is the
photo-conductive antenna. A time-domain Norton equivalent circuit representing the antenna and a time-step algorithm
provide the tools for analysis and design of such structures. However, the antenna impedance impulse response must be
known beforehand. In this thesis, a more comprehensive characterization of the algorithm is provided through a detailed
investigation. A numerical error in its output is discovered, the source of which identified, and an error minimization
solution proposed. Using the newly acquired knowledge of the algorithm’s properties, an infinite photo-conductive slot is
analyzed. First, a time-domain energy balance equation is derived using switched capacitor formalism, and verified. Then,
a comparison to constant antenna impedance approximation is performed. A study on the frequency and time-domain
far-fields, as well as, on the influence of parameters is also performed. Finally, the analysis is extended to a 1D connected

array, in which the mutual coupling and performance are investigated.
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Chapter 1.

Introduction

In recent years, terahertz (THz) technology has received increasing attention. Possible applications include biomedical,
spectroscopy, security screening, and next generation communications [1]-[6]. In fact, the global THz technology market
size is estimated to be more than 450 million USD in 2022, and is expected to grow above 2.2 billion USD by 2030
[7]-[9]. Huge portion of the market is taken by imaging systems including security screening, followed by spectroscopy,
while communication systems capture the smallest portion [7]. The high interest in security arises from the ability of THz
waves to penetrate non-metallic materials, in addition to the potential of photo-conductive source to generate signals
with wide bandwidth. Although the antenna segment of the market corresponded to only 77 million USD in revenues
for 2022 [7], the antennas are integral part in the THz technology development. Specifically, the pulsed wave (PW) mode
photo-conductive antenna (PCA) allowed the development of many THz applications. As an example, a PW mode

photo-conductive connected array (PCCA) is proposed and evaluated in the design of a security imaging setup in [10].

Previously the main research focus was on increasing the radiated power by improving the photo-conductive materials.
Although improving the photo-conductor is undoubtedly important, modeling the dispersion and improving the
radiation efficiency was limited by the lack of mathematical tools. Needless to say, the dispersion and efficiency have a
huge impact on the radiated field. Moreover, the lack of tools limited PCAs to already established (but inefficient) dipole
antenna structures, such as the Auston switch. Fortunately, in recent years, more focus has shifted to the development
of tools representing the PCA - equivalent circuits. These tools allow for the design of more dispersive and efficient

structures.

1.1. Photo-Conductive Antennas

A photo-conductive source consists of metal terminals printed on the side of a photo-conductive material. The phenomena

governing the operation of these structures can be split in two phases - carrier generation and carrier recombination.

First, a temporally Gaussian laser excites the photo-conductive material. Consequently, electrons are freed from the
valence to conduction band. Naturally, this effect causes a rise in the material’s conductivity. Further, because the
terminals are biased by a DC source, an electric field is established across the photo-conductive gap. The conductivity

and bias field cause current flow.

Second, after a certain point in time, no new carriers are generated due to the Gaussian nature of the laser. Meanwhile,
the already generated electrons recombine to the valence band. This carrier recombination corresponds to decreasing
current. Because the recombination time is in the order of sub-pico seconds, the time-domain current response is narrow.

Consequently, frequencies up to the THz part of the spectrum are excited.

The concept is applied in antennas by patterning the metalized layer to form a radiating element. During this work, an
infinite leaky-wave slot shown in Fig.1.1(a) is analyzed due to its high dispersivity and well known analytical expressions
[11]-[13]. The slot is printed on a h, thick ground plane and has a width w. The ground plane is at the interface between
two semi-infinite homogeneous dielectrics with €, 2 > €, 1. Optically pumping the photo-conductive feed with length
A gap as shown in Fig.1.1(b), results in an excitation (current) as shown in Fig.r.1(c). In turn, the excitation launches a wave

on the slot, which leaks in the higher permittivity medium. In reality, the ground plane has a thickness. However, because
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()

Figure r.x: Photo-conductive infinite leaky-wave slot; in (a) geometry, in (b) optical pumping by pulsed temporally Gaussian laser,
and in (c) electric current due to the optical pumping.

it is much smaller than the minimum wavelength, the ground plane is considered to be infinitesimally small (except in the
time evolution of the current). In case the optical power is more than enough to saturate a single feed, multiple feeds in a

connected array geometry can be used to improve the overall antenna efficiency.

1.2. Time-Domain Norton Equivalent Circuit

Equivalent time-domain circuits of PW mode PCA were proposed in the past [14][15]. These circuits model the charge
screening effect, also known as carrier scattering, as an additional (to the bias source) time-varying voltage generator.
Unfortunately, the additional generators often required a posteriori parameter calibration and made the circuits unsuitable
to use. To overcome this issue, a frequency-domain Norton equivalent circuit is proposed in [16]—[18]. Unfortunately,
the proposed circuit does not model well the physical phenomena over the whole spectrum. The problem stems from the
non-linearity of the time-domain differential equations describing the PCA. Obviously, the non-linearity prevents the
use of Laplace transform. Additionally, due to the non-linearities of the optical excitation, the use of methods such as
harmonic balance is also impossible. Fortunately, a time-domain Norton equivalent circuit was proposed recently in [19],

which proved to be an accurate PCA model. A short summary of the derivation procedure is provided for reference.

To derive the circuit, Maxwell’s equations must be solved at the photo-conductor’s boundary while complying to specific
boundary conditions. Applying the equivalence principle separates the problem to an internal (to the feed’s volume)
and external parts. Thus, by coating the volume’s surface with infinitesimally thin perfect electric conductor (PEC), the
fields in the internal and external regions are described as radiated by equivalent magnetic currents at the two sides of the
PEC. These internal and external magnetic currents equal to the cross product of the electric field at the interface and the

respective normal vector (inside and outside the volume)

ﬁ_"equV =éex ﬁF€V7 (I‘Ia)
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i(t)

line(t) +

iimpr(t) v(t) = i(t) * Zgne (t)

Zine (1)
Zane(t)

Figure 1.2: Norton equivalent circuit of a photo-conductive antenna.

Tﬁeq7p¢v =€x ’fl;.gv. (I.Ib)

With this in mind, the total internal magnetic field is the superposition of the scattered (by the internal magnetic current)
and the one due to the bias source (incident). On the other hand, the field in the external region is only scattered by
the external currents. Needless to say, the tangential components of the internal and external magnetic fields must be

continuous across the interface.
7T 7T - 7T >
h?EV,inC(tv %) + hFEV,s(t7 meq,FGV) = thV,sOfa meq,'r_"QV)- (1'2)

Moreover, the magnetic currents are equal in magnitude (same electric field), but opposite in direction (the internal

surface normal vector is opposite to the external)
—Meg,Fev = meq,FéV = Megq- (I~3)

Consequently, the incident field’s tangential component (at the boundary) can be expressed as sum of scattered fields’
tangential components

ﬁrzEV,inc(t7 ‘/b) = ﬁrzEV,s(t7 me‘]) + ﬁg%v,s(t’ mei])' (1'4)

Further, for a small volume in terms of the wavelength, the electric field is uniform (spatially independent) inside the
volume. Thus, the electric field and by extension magnetic currents are proportional to the (also spatially independent)
voltage. In addition, the tangential magnetic field relation can be expressed as electric current through the circulation
integral (Ampere’s law)

Gimpr (t, Vo) = tine(t,0) +i(t,v), (rs)

where the impressed current 2;,,;, corresponds to the incident field, the internal current %y, to the internally scattered
field, and load current ¢ to the externally scattered. The derived time-domain Norton equivalent circuit is shown in

Fig.1.2. Indeed, the voltage can also be expressed as the convolution of load current and antenna load’s impulse response

v(t) = /_OO i(t) zane(t — t)dt. (1.6)

In essence, the equivalent circuit represents the EM effects at the photo-conductor’s surface. By changing the PEC with
perfect magnetic conductor (PMC), a Thévenin equivalent circuit can be derived.

1.2.1. Time Evolution of the Load Current

The Drude-Lorentz model is used to derive an integral equation describing the load current’s time evolution in [20].

In short, the model relates the current density inside the photo-conductor to the time evolution of generated carriers,
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photo-conductor’s impulse response (carrier recombination), and carrier drift velocity. The number of generated charges

and carrier recombination response provide the charge density due to carriers freed at time ¢/

"9 —
(5) =5

e e, (17)

Nl

n(t,t") = Ae”
where Ty is the recombination time, o the standard deviation of the laser’s Gaussian temporal envelop, and

Py T 1

A =
hfc \/271'0',52 Agapwshz

is the number of maximum released carriers per second inside the photo-conductor’s volume. The term P, is the

(1.8)

absorbed optical power in the material, while 1" the repetition rate of the laser. Further, the drift velocity (of charges

generated at ') is a convolution between their acceleration and scattering impulse response (caused by material impurities)
t ’
t—t q
N " —t=t (e 5 / !
Ue(t, ") = / e s fegap(t )dt', (r9)
" m,

where Ty is the scattering time, and egq,(t) = Ep — e(t) the magnitude of the electric field inside the photo-conductive

gap. Therefore, the total current density is the sum of the effects of all previously generated charges

2 t 7 7 t 4/
jit)=A qe, / e () e / e €gap(t)dt'dt”. (r.10)
t//

€ —00

Needless to say, the current is the total current density through the photo-conductor’s cross section, while the gap’s

voltage is related to the (uniformly distributed) gap electric field through the line integral

2 A h t "9 41 t 4!
i(t) = Aqfﬁ%/ e 25 e e / e~ Vgap(t")dt'dt". (1.10)
S t//

€ — 00

Essentially, the current’s time evolution is defined by highly non-linear integral equation of two nested convolutions. In
summary, a PCA is described by a system of two non-linear integral equations - the voltage expressed as the convolution

between the current and antenna impedance impulse response, and time evolution of the current.

The non-linearities limit the solution to the time-domain. Therefore, a numerical method has to be used to evaluate the

voltage and currents. By representing them as sums of rectangular basis functions with step size A,

v(t) ~ Z vp recta, (t — ty,), (r.12a)
i(t) ~ Z inrecta, (t —tp), (r.12b)

a time-step algorithm is derived. Obviously, the initial evaluation time must be chosen sufficiently early to ensure zero

initial conditions.

The photo-conductor, laser, antenna geometry, and numerical method parameters used during the span of this work are

as summarized in Table.r.1, unless otherwise specified.
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Table r.1: Photo-conductor, laser, antenna geometry, and numerical method parameters used during this work.

PHOTO-CONDUCTOR

Bias Voltage Vi 30V
Recombination Time Trec 300 fs
Scattering Time Ts 85 fs
Effective Carrier Mass m, | 0.067m.
LASER
Absorbed Optical Power popt 50 mW
Full Width at Half Maximum (FWHM) Tp 100 fs
Repetition Rate T 12.5ns
Wavelength Ac 780 nm
ANTENNA GEOMETRY
Slot Width W 10 um
Feed Length (Delta-Gap) Agap 5 pum
Ground Plane Height h, 2 um
Relative Permittivity of Lower Dielectric | &1 1
Relative Permittivity of Upper Dielectric | &,2 11.7
Element Spacing (in arrays) A, 100 pm
NUMERICAL
Time-Step Ay 0.27
Frequency-Step Ay | 25GHz
Start Time to —30;

1.2.2. Fully Dispersive Approximation

Previously, the antenna was considered to be completely dispersive. In other words, the antenna impedance was constant

and real over the whole spectrum. Consequently, the antenna impulse response is represented by a Dirac delta function
Zant (t) = g_l{Rant} = Rant(s(t)~ (I~I3)

This dispersive approximation greatly simplifies the time-step procedure, and hence the analysis of PCAs, by removing

the convolution integral between the current and impedance impulse response

U(t) = Rantz(t) (1‘14)

Consequently, the voltage and current update rules of this dispersive time-step algorithm are

— A _Ar,
€ Trece Tslp_1+ Gpcm,(n)‘/b
Uy = (L1sa)
1/Rant + Gpcm,(n)
. _Ar At
lp =€ Trec€ Tslp_] + (Vb - vn)Gpcm,(n)a (r15b)

where Gpcp, is the conductance of the photo-conductive material. However, even the most dispersive antenna structures
are not completely dispersive. Therefore, a more general time-step algorithm is required, which captures the antenna’s

non-dispersive effects.
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1.3. Novelty of This Thesis

Although a non-dispersive time-step algorithm is proposed in [21], its performance, advantages, and disadvantages are
not investigated. This thesis aims to fill these gaps by performing a comprehensive study and characterization of the
algorithm. In fact, during the span of this work, a numerical error in the evaluated voltage and current was identified. A

comprehensive study on the cause followed, and an error minimization procedure was derived.

Further, the photo-conductive infinite leaky-wave slot was never analyzed using its actual (non-dispersive) impedance.
By applying the optimized time-step algorithm, a complete study on this antenna structure is performed capturing its
non-dispersive effects. The analysis spans an investigation on the far-fields, power spectral density, efficiency among others.

A comparison to the dispersive approximation is done. Also, a novel time-domain energy balance equation is derived.

Finally, the dispersive time-step algorithm cannot estimate the interactions between feeds in connected arrays. Hence,
such study was never performed previously. In this work, an analysis on the mutual coupling, far-fields, and active

impedance of 1D PCCAs is carried out.
The scope of this thesis is the following:

* Chapter 2: provides a comprehensive study on the time-step algorithm. Starts with the derivation and limitation
of an initial time-step algorithm using directly the impedance impulse response. Then, provides the derivation and
discussion of an improved time-step algorithm, supplemented by an investigation of the evaluated voltage and
current error. Follows with a proposed of error minimization procedure. Ends with expanding the algorithm to

connected arrays and discussing its error.

* Chapter 3: provides an analysis on infinite leaky-wave slot. Starts with the derivation of a time-domain energy
balance equation. Continues by providing comparison with the dispersive approximation. Follows by analyzing
the far-field and power spectral density. Ends with investigation on the radiated energy, bandwidth, and antenna

efficiency.

* Chapter 4: provides an analysis on the 1D connected array. Starts with expanding the energy balance equation to
multiple feeds. Continues by investigating the mutual coupling. Follows by discussing the magnetic currents and

far-fields. Ends with a discussion on the active admittance.



Chapter 2.
Time-Step Algorithm

To solve for the time-varying transient voltage and current across the photo-conductive gap. a time-step algorithm has to
be derived. Although such procedure is proposed in [21], comprehensive study and characterization of the algorithm
are not performed. Consequently, conducting the aforementioned study is highly relevant and useful in improving the

reliability of non-dispersive PCA analysis techniques.

In time-domain, the voltage across the antenna element is the convolution between current and the antenna’s impedance
impulse response
t
o(t) = / i) 2t (E — £)dE. (2)
—00

By using this relation and the time evolution of the current from [20], the time-step algorithm is derived. Naturally,
the antenna impedance impulse response 24+ must be known beforehand. Although a time-domain analysis of the
leaky-wave (LW) infinite slot is proposed in [22] and [23], analytical derivations for the time response of its impedance are
not available. Consequently, to determine 24n¢, the impedance is evaluated in the frequency-domain using the spectral

analysis discussed in [13], and subsequently transformed to time-domain using the inverse Fourier-transform (IFT).

The chapter opens with a discussion on the recovery of the antenna impedance impulse response. This discussion is
followed by derivations of the original and an improved weight time-step algorithms. Then, a procedure for minimizing
the numerical error in the improved algorithm is proposed and discussed. Finally, the study is extended to a time-step

characterization in connected 1D arrays.

2.1. Discrete-Time Fourier Transforms

The frequency-domain response of a general function x(t) discretized by rectangular basis functions is evaluated using

the discrete-time Fourier-transform (DTFT)

X(f) =24 i Tpe I (2-2)

n=—oo

where the frequency-domain response X (f) is a continuous function and A, is the time-step. Additionally, as a
consequence of the Poisson summation, X (f) is a periodic function with periodicity defined by the sampling rate
fs = 1/A;. However, due to the discrete computation environment, the frequency-domain response is also discretized

by rectangular basis functions with a frequency-step A ¢
X(f)~ Y Xerecta, (f = f)- (23)
k=—oc0
For a signal of N samples, the valid frequency components are those containing integer number of cycles

fsk k
o = Ak = N ~ NA, (2.4)

7
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where A ; is related to the simulation time-length Ay = 1/N A, Therefore, the DTFT with a discrete frequency-domain

response is defined as
N-1

X =4y Z Lpe )2 Tkt (2.5)

n=0
It must be noted that the requirement of integer number of cycles is a consequence of the periodicity enforced by the

discrete computational environments and Poisson summation.

Although the derived DTFT is sufficient to evaluate the frequency-domain response, using the fast Fourier-transform
(FFT) provides a significant computational advantage in terms of evaluation time. Therefore, it is useful to derive the
DTFT in terms of the discrete Fourier-transform (DFT). To that end, the frequency-component definition in Eq.2.4 and

property t,, = to + nA; (with ¢y being the simulation start time) are substituted in Eq.2.5
X, = e 2 hto A DFT{ 2}, (2.6)

where the term 727k accounts for the phase shift at non-zero start time ¢y # 0 s. Usually, in discrete systems, the
output of the DFT must be divided by the number of samples to recover the signal’s amplitude spectrum. However, in
this case, the amplitude spectrum is directly recovered as a consequence of the time discretization of the continuous FT,

and by extension the multiplication with the time-step A;. More detailed derivations are included in Appendix.A.

2.1.1. Inverse Fourier Transform
The derivation of the discrete-frequency inverse Fourier-transform (DFIFT) is trivial and similar to the DTFT

N-1

T, = Ay Z X el fitn (2-7)
k=0

where the time-domain response is a discrete periodic function with periodicity T' = 1/A ¢. The number of samples
in both domains is equal. Furthermore, the DFIFT is represented in terms of the inverse DFT (IDFT) by substituting
Eq.2.4 and property t,, = tg + nA; in Eq.2.7

1 o
Tn = A IDFT{X}el?™frto}, (2.8)

2.2. Antenna Impedance

The antenna impedance is evaluated using the spectral analysis established in [11] and [13]. This analysis depends on a
narrow-slot approximation at which the minimum wavelength is much larger than the slot’s width. In this case, an edge
singular (quasi-TEM) mode is dominant represented by a zero-order Bessel function in the spectral domain [11]. However,
as the wavelength shrinks, the contributions of other modes increase. Unfortunately, no models exist incorporating these
modes. Modeling these higher modes requires the investigation of the transverse spatial currents and describing the total
contribution as a sum of additional new basis functions in the spectral domain. Yet, performing such study is out of the

scope of this work. Therefore, the current analysis is limited to the narrow-slot approximation.

2.2.1. Feed Length

The impedance is plotted in Fig.2.1(a-b) for different feed lengths A 44, and slot width w, = 10 pm. The narrow-slot

limit is considered at Ay = w,/0.35, where Ay is the wavelength in the denser medium. In general, for the edge singular
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Figure 2.1: Antenna impedance of an infinite leaky-wave slot for different feed lengths A g4 and slot width ws = 10 um;
in (a) the resistance R, (b) reactance X, and in (c) evaluated impulse response.

mode, the resistance and reactance increase faster with frequency for lower feed lengths. However, this effect is more
evident in the reactance, while the increase in the resistance is negligible. Nevertheless, the growth in both components
constitutes a growth in the impedance magnitude for decreasing feed lengths. Consequently, the discontinuity at the

narrow-slot limit increases as the feed length decreases.

Using Eq;,2.8, the impedance impulse response of the antenna is recovered and plotted in Fig.2.1(c). It must be noted that
the impulse response is a real signal, i.e. the impedance is conjugate symmetric. The oscillations are due to the Gibbs
phenomenon occurring at the narrow-slot limit discontinuity. For smaller feed lengths, the oscillation amplitude is
larger corresponding to the larger discontinuity. Unfortunately, these oscillations are inherent consequences of the used

numerical evaluation.

2.2.2. Slot Width

The impedance is plotted in Fig.2.2(a-b) for different slot widths w, and feed length A 44, = 5 prm. The narrow-slot limit
is the same as before at Ao = w,/0.35. Naturally, the narrow-slot limit frequency (referred to as maximum frequency
fmaz) is higher for smaller slot widths. It is evident that the discontinuity increases with the width. The corresponding
impedance impulse response is plotted in Fig.2.2(c). Obviously, the oscillations are slower for higher f,,4,. Moreover, the
careful observer notes that the discontinuity decreases for narrower slots, but the initial oscillation amplitude increases.

Essentially, the Gibbs phenomenon is non-linear - dependent on the maximum frequency and discontinuity magnitude.
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Figure 2.2: Antenna impedance of an infinite leaky-wave slot for different slot widths ws and feed length A gqap = 5 pm;
in (a) the resistance R, (b) reactance X, and in (c) evaluated impulse response.

2.3. Algorithm

Mathematically, a PCA is described by a set of two integral equations - one describing the time-domain relation of voltage

and current, and the other being the current’s time evolution derived from the Drude-Lorentz model

o(t) = / i) 2ams (E— £)d, (2.98)

—00

2 A t #_r [t -
i(t) :A&M/ e 3 e / (Vy — v(t'))e™ = dt'dt". (2.9b)
—00 t

Me Wg ”

Given the system’s initial conditions (zero at sufficiently early time), the voltage and current can be evaluated using a
time-step (also known as a marching-on) algorithm derived by time-discretizing these integral equations. This algorithm

has update rules for the voltage and current defined as

A A .
e Trece s Aifzant,(O)anl + %Agzant,(O)Gpcm,(n) + AtC’n
Uy = 5 , (2.102)
1+ AfZant, (0) Gpem, (n)
. _ Ay Ay,
lp =€ Trece Tsilnp 1+ (% - Un)AtGpcm,(n)v (2~10b)

where Gcp, is the conductance of the photo-conductive material, and C}, describes the memory effects of the non-

dispersive system at sample 7. For a detailed derivation refer to Appendix.B.2.

Overall, the analysis of photo-conductive antennas consists of evaluating the antenna impedance and retrieving the

impulse response. Then, by using the time-step algorithm and impulse response, the feed’s time-domain excitation is
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Figure 2.3: Block diagram of the photo-conductive antenna analysis.
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Figure 2.4: Comparison between the evaluated impedance using spectral techniques (solid lines) and calculated using
the frequency-domain voltage and current (dashed lines) outputs of the time-step algorithm for different feed lengths A gap
and slot width ws = 10 pm; in (a) the resistance R, and in (b) reactance X.

evaluated. Finally, the frequency-domain of the excitation is recovered for further analysis. A block diagram of the analysis

procedure is shown in Fig.2.3.

To evaluate the performance of the time-step algorithm proposed in Eq.2.10, the calculated antenna impedance using the
frequency-domain voltage and current is compared to the one evaluated using spectral techniques. The impedance is
compared for different feed lengths and plotted in Fig.2.4. There is a large offset in the resistance between the calculated
impedance from V/I and the actual evaluated using spectral techniques. This offset is around R = 60 Q at A gqp = 2.5

pum. Additionally, there is a mismatch in the reactance. The reactance deviation generally grows with frequency.

Furthermore, the impedance is compared for different slot widths in Fig.2.5. Again, a large offset is observed in the
resistance and a mismatch in the reactance. This discrepancy between the evaluated and calculated impedance is related to
the oscillations in the impulse response observed earlier. The results of this time-step algorithm are unreliable for further
analysis. Therefore, an improved time-step algorithm is required, accounting for the large impedance discontinuity due

to the narrow-slot approximation.

2.4. Weight Function

To reduce the discontinuity, the use of a weight function is proposed in [21]. The non-discretized time-domain voltage-

current relation becomes

/t v(t’)w(t—t’)dt’:/t i(t)h(t —t')dt', (2.11)

— 0o — 00

where w is the weight function, and h = Z 1 {H} = F YW Z,,+ } is a placeholder response resulting from the

frequency-domain multiplication of the weight and antenna impedance. This weight time-step algorithm has updated
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Figure 2.5: Comparison between the evaluated impedance using spectral techniques (solid lines) and calculated using
the frequency-domain voltage and current (dashed lines) outputs of the time-step algorithm for different slot widths w
and feed length Agqp = 5 pm; in (a) the resistance R, and in (b) reactance X.

rules defined as

¢~ ez e ™ hoint + VsArhoGpom,(n) + Cn
Uy = , (2.122)
wo + AthOC"chm,(n)
At At
in==e mece” min 1+ (Vo — 0n) A¢Gpem,(n)- (2.12b)

The careful reader notes that the current’s update rule does not change, as it is directly derived from the Drude-Lorentz

model. A detailed derivation is provided in Appendix.B.4.

Undoubtedly, the weight function must be chosen such that it decreases with frequency in order to minimize the
discontinuity. The choice of weight should be based on the performance of the overall voltage and current evaluation
results. With this in mind, a brief examination of different weight options is described in Appendix.C, yet, the best choice
is found to be the weight function used in [21] - the squared antenna admittance W = Y2

nt*
function becomes the antenna admittance H = Y,2,,

As aresult, the placeholder

Zant = Yant, and it is referred as such for the rest of this work.

2.4.1. Feed Length Dependence

The weight function is plotted in Fig.2.6(a-b) for different feed lengths. The magnitude of the weight exhibits the desired
behavior - decreasing with frequency. Additionally, as the impedance increases for smaller feeds, naturally the weight
decreases. Contrary to the no-weight algorithm, it is expected that smaller Ay, results in better impedance match
between the spectral techniques evaluation and V/ 1 calculation - lower discontinuity. Moreover, the weight approaches
infinity at DC corresponding to the zero impedance. In essence, this effect means there is no voltage drop across the
feed at DC, constituting no expected change in the DC bias field. However, the effect also posses a difficulty in the
evaluation of the IFT - improper integration over an infinite interval. Consequently, to solve this problem, the weight is
truncated at DC in order to allow the numerical evaluation of the weight impulse response, i.e. the weight is set to zero
W (f = DC) = 0.57°. This solution does not impact the overall analysis as the DC component is of no interest. The
weight impulse response is plotted in Fig.2.6(c). The peak and oscillation amplitude are larger for bigger feeds, due to the
larger weight magnitudes and discontinuities respectively. Nevertheless, the oscillation amplitude is decreased compared

to the impedance impulse response in Fig.2.1(c).

The antenna admittance (placeholder function) is plotted in Fig.2.7(a-b). The magnitude decreases with the frequency
and feed length. This decrease translates to smaller discontinuities. Moreover, the DC component is once again truncated
to allow the numerical evaluation of the IFT. The recovered admittance impulse response is plotted in Fig.2.7(c). As seen,

the oscillation amplitude is reduced due to the smaller discontinuity.
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Figure 2.8: Comparison between the evaluated impedance using spectral techniques (solid lines) and calculated from V/T (dashed lines)
for different feed lengths A gap and slot width ws = 10 pm; in (a) the resistance R, and in (b) reactance X.

To evaluate the performance of the weight algorithm in Eq.2.12, the impedance calculated from V/I is compared to
the evaluation using spectral techniques. The comparison is plotted in Fig.2.8. The weight time-step algorithm ofters a
significant improvement. Although the match is not ideal, the resistance does not exhibit the large offset observed in
the no-weight algorithm. Furthermore, the match improves for smaller feeds - lower discontinuities. Nonetheless, the
mismatch increases with frequency. On the other hand, the reactance shows an improvement, but not as significant as

the resistance. These improvements confirm the oscillations as the root cause of the algorithm’s numerical error.

2.4.2. Slot Width Dependence

The weight is plotted in Fig.2.9(a-b) for different slot widths. In contrast to the smaller impedance at f, 44 for narrower
slots, the weight function increases resulting in larger discontinuity. This effect is especially noticeable for small widths.
Consequently, the weight function does not satisfy the desired behavior. The weight impulse response is plotted in
Fig.2.9(c). Referring to the larger discontinuities for narrower slots, the oscillation amplitude increases. Additionally, the
oscillation period decreases due to the higher maximum frequency. The antenna admittance is plotted in Fig.2.10(a-b).
Naturally, the admittance grows similarly to the weight. The impulse response is plotted in Fig.2.10(c). Faster and larger

oscillations are observed due to larger discontinuity and maximum frequency.

A comparison between the evaluated and calculated impedance is plotted in Fig.2.11. Compared to the no-weight algorithm
results, there is a significant improvement. At this point, it must be noted that typically PCAs are manufactured with slot
width wy = 10 um and feed length A 44, = 5 pum [24][25]. For these parameters, the weight algorithm performs well

for a coarse analysis. However, the remaining error must be minimized when a more accurate analysis is required.

2.5. Error

As seen, the error is a discrepancy between the evaluated impedance using spectral techniques and the one calculated from
the algorithm’s outputs. Thus, it is logical to investigate the error in terms of the difference between the two. However, in
connected 1D arrays, the active impedance is not known beforehand. Consequently, the error is investigated in terms of
the difference between the directly evaluated frequency-domain voltage Vi = .% {v}, and the one estimated using the
evaluated current spectral techniques impedance Vo = % {i}Z,,. To quantify the voltage error, the magnitude and

phase difference of V5 and V7 are normalized to the respective maximums of V3

(2.132)
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Figure 2.1: Comparison between the evaluated impedance using spectral techniques (solid lines) and calculated from V//I (dashed lines)
for different slot widths ws and feed length Agqp = 5 pm; in (a) the resistance R, and in (b) reactance X.
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Figure 2.12: Block diagram of the algorithm’s voltage error analysis.
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A block diagram of the error analysis is shown in Fig.2.12.

The V; and V5 voltages are compared in Fig.2.13 for slot width ws = 10 um and feed length Agqp = 5 pm. The
magnitude difference is large. Additionally, it increases with the frequency power, at the component with highest power
[Va| — [Vi] ~ 1.5 mV/GH z. On the other hand, the phase difference starts at ZV5 — £V ~ 2 deg and increases, in
general, linearly with frequency (reaching ~ 12 deg at the narrow-slot limit). It must be noted that the truncation at the

narrow-slot limit (maximum frequency) in V5 appears due to the impedance’s truncation. While V3, as & -1 {v},is not

truncated because these frequencies are present in the time-domain signal.

The absolute voltage error is plotted in Fig.2.14. The plot confirms the previous observations - magnitude error is largest

at frequencies with higher power, and phase error increases linearly with frequency. The magnitude error reaches a

Vi---V
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Figure 2.13: Frequency-domain voltage comparison between Vi = #{v} and Vo = F{i} Zant,
for slot width ws = 10 prn and feed length A gqp = 5 wms; in (a) the magnitude V|, and in (b) phase ZV.
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Figure 2.15: In (a) active power spectral density comparison between voltage and current estimations, and in (b) active power error,
for slot width ws = 10 um and feed length Agqp = 5 um.

maximum of | E}y|| = 12%, and becomes | E|y/|| = 3% at fiqe. This deviation is significant for an accurate analysis.

2.5.1. Active Power Error

The discrepancy between the v and 4 time-step algorithm outputs is more noticeable in the power spectral density (PSD),
due to the square law. Thus, it is useful to investigate the error in terms of active power. The power is evaluated using the

two outputs separately - the voltage with admittance, and current with impedance

1

P = §|‘/1‘2§R{Yant}a (2-143)
1 2

P, = §|I| R{Zant}- (2.14b)

To quantify the PSD error, the difference between P and P is normalized to the maximum of P;

P—-P
Ep=———. .
P max{ P } (215)

A block diagram of the power error analysis is shown in Fig.2.16.

The P; and P, evaluations are compared in Fig.2.15(a), and absolute power error is plotted in Fig.2.15(b). Obviously,
identically to the voltage error, the difference between P; and P is higher at the frequencies with more power. The error

reaches a maximum of Py — Py ~ 0.3 uW/G H 2%; in terms of the defined power error, it corresponds to Ep ~ 20% -
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Figure 2.r7: Block diagram of the energy error analysis.

a significant deviation for an accurate analysis. Although not plotted, it must be noted that the error increases for larger

feed lengths, due to larger discontinuity.

2.5.2. Radiated Energy Error

From Parseval’s theorem, the energy is equal in the time and frequency domains. Estimating the radiated energy directly in
the time-domain provides a quick evaluation method without frequency-domain conversions. Consequently, investigating
the deviation between the time-domain and frequency-domain energy is useful for providing error optimization guidelines.
The time-domain energy is calculated by integrating the instantaneous power', and in the frequency-domain by integrating
P

1 .
Erp = At§ ; Unin, (2.16a)
1
Erp = Asg > HPR{ Zans}. (2.16b)
k

To quantify the energy error, the difference between Erp and Erp is normalized to Erp

E - F
Ep= 1P ZFD (217)
Erp

A block diagram of the energy error analysis is shown in Fig.2.17.

2.6. Error Analysis

As mentioned in Section.2.4.1, the weight and admittance contain singularities at DC, i.e. W (f = DC') — oo and
Yonit(f = DC) — oo. These singularities are associated with the cause of the observed error. In fact, decreasing the
frequency step (hence the first non-DC component moves closer to DC) reflects as an increase in the impulse responses.
This increase is especially noticeable in the time-domain weight. It is a consequence of including components with larger

magnitudes, and increases the IFT’s numerical evaluation error.

To solve this issue, the weight and admittance are additionally truncated between DC and a minimum frequency fpin.

'A detailed derivation of the time-domain energy is provided in Chapter 3
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Figure 2.18: In (a) additionally truncated weight function, and in (b) additionally truncated antenna admittance,
for slot width ws = 10 pm, feed length Agqp = 5 pm, minimum frequency fnin = 20A, and frequency-step Ay = 2.5 GH 2.

This additional truncation adds a second slower oscillation to the impulse responses. However, the new oscillation has no
significant influence on the overall algorithm performance due to two factors. First, the period of oscillation is much larger
than the recombination time - low fy,in. Second, the new Gibbs oscillation has small amplitude, again as a consequence
of the low fp,in. Although this solution does not improve or even causes a slight error increase in DC' < f < finin,
these frequencies are relatively small and of no-interest in the analysis of PCAs. To visualize the additional truncation,
the weight and admittance are plotted in Fig.2.18 for minimum frequency fin = 20A ¢ with frequency step Ay = 2.5
GHz.

2.6.1. Voltage

The voltage error is plotted in Fig.2.19(a-b) for different minimum frequencies. The magnitude error in the non-truncated
spectrum decreases as the minimum frequency increases. Although, an increase is observed in the truncated spectrum.
Consequently, fy,in must be chosen with care to not affect frequencies of interest. On the other hand, the phase error is
not dependent on the minimum frequency. To confirm the solution’s effectiveness, the error’s mean in the non-truncated

spectrum is plotted in Fig.2.19(c). Clearly, the error decreases with f,,4,, validating the proposed solution.

2.6.2. Active Power

The absolute power error is plotted in Fig.2.20(a) for different minimum frequencies. Atsmall fy,5,,, the error is especially
noticeable. However, it significantly decreases for higher minimum frequencies. While, similarly to the voltage error,
it increases in the truncated spectrum. Furthermore, the error’s mean in the non-truncated spectrum is plotted in

Fig.2.20(b). The results conform to the previous observations - the error decreases with fr,4r,.

2.6.3. Energy

The energy error is plotted in Fig.2.21 with respect to the minimum frequency. In contrast to the voltage and power
observations, the energy error decreases up to a certain fy,4y,. Afterwards, the error starts to increase. In essence, excessively
increasing fp,in removes huge portion of the spectral contents, which overcompensates for the numerical error and
introduces a negative discrepancy. This discrepancy constitutes a significant change in the impulse responses. Therefore,
the minimum frequency must be chosen such as to minimize the error while not significantly altering the time-domain

responses.
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Figure 2.22: Frequency-domain magnitude deviation between the algorithm’s outputs with additional weight function truncation
and without truncation; in (a) the voltage deviation, and in (b) current deviation.

2.6.4. Voltage and Current Effects

Not unexpectedly, adding the non-physical truncation (between DC and fy,:5 ) alters the voltage and current. Thus,
to provide a complete characterization of the proposed solution, the truncation effects on the algorithm’s outputs are
investigated with respect to the non-truncated evaluations. The effects on the voltage and current are quantified by

normalizing the frequency-domain magnitude difference

VI = Vier|
DEV, = W1 Vrefl, (2.182)
v [Vierl
Il —|I.
DEV| = M, (2.18b)
[Lre sl

where V' = # {v} and I are the outputs evaluated with the weight truncation, and V.. f and I f are without truncation.

The voltage and current deviations are plotted in Fig.2.22 for different minimum frequencies. Generally, the current
changes with a constant ratio across the spectrum; naturally, larger weight truncation increases the deviation. On the
other hand, the voltage changes in a non-constant manner - the error in the truncated spectrum increases, while the effects

are minor in the middle part of the non-truncated spectrum.

2.7. Convergence

To ensure result convergence, the time-step must be sufficiently smaller than shortest time parameter, i.c. the scattering
time. However, reducing the time-step results in increased computational time. Therefore, it is useful to investigate the

convergence, deviation in the algorithm’s output from the actual signal, with respect to the time-step.

In order to characterize the convergence, a simulation is performed with sufficiently small time-step in terms of the
scattering time. The evaluated current is selected as a reference signal. Afterwards, the time-step is increased, and the
newly evaluated current is compared to the reference. Because the reference signal has a smaller time-step, it must be
down-sampled to the investigated signal. Additionally, only the samples in an interval containing mostly the non-zero
antenna response are considered. The deviation between the reference and investigated signals is quantified in terms of

the normalized root mean square error (NRMSE)

1

1 1 Nmaz — ) )
(Zn - Zref,(n))Qv (2‘19)

max{ires} — min{ires} \| Mmae =

NRMSE =
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Table 2.x: Time samples of several time-steps in terms of the scattering time and with start time att = 0 s.

Ay Time Samples
iref 0.017 to=0 ¢ =0.017s 2 =0.027, ¢3=0.037, t4=0.0475 -+ tn, ..
0.027; to=0 t; = 0.027 ty = 0.047 .
0.037 to=0 t; = 0.037 R

NRMSE [%)
N w S

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
A¢/7s [

Figure 2.23: Normalized root mean square error (convergence) evaluated in a time interval of ¢, ., = 3 ps
and for reference signal with Ay = 0.017s.

where 1,4, is the sample index corresponding to the maximum considered time instance, 7 the investigated signal, and
ire s the reference. To demonstrate the need for down-conversion, the time samples for several time-steps are shown in

Table.2.1 with start time chosen at zero for simplicity.

The NRMSE is plotted in Fig.2.1 evaluated in a time interval ¢ = 3 ps and for reference at Ay = 0.017. Evidently,

Nmax

the error increases linearly with the time-step. Usually, the time-step is chosen as Ay = 0.27; resulting in 2% error.

2.8. Algorithm for Connected Arrays

In connected arrays, the wave component launched by a feed interacts with the other feeds, i.e. the feeds are coupled. This
interaction is described through the mutual impedance. Therefore, the voltage at feed ¢ is dependent on the currents of

all Q feeds

‘/1 ZH A ZlQ Il

= | : : : (2.20)

_VQ_ _ZQl R ZQQ_ _IQ_

where Z,q = Z, is the self-impedance, and Z;, the mutual impedance of elements ¢ and p. The mutual impedance
describes the voltage component at element ¢ due to the current at p. While the self-impedance is equal to the antenna
impedance Z,; previously discussed, i.e. it describes the effects at the longitudinal point of the current. Moreover, the

impedance matrix Z isa ) x @ Toeplitz. Naturally, not multiplying by a weight causes the same abnormal behavior
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observed in the single feed algorithm. Consequently, multiplying both sides of the matrix equation with the same weight

wo ... ol |wn Hy ... Hyg||hL

= o, (2.21)

0o ... W] |w Hoi ... Hool |Io

where the weight matrixis W = W1, and Hy, = W Z,, is the placeholder function of elements g and p. Similarly
to the impedance matrix, the placeholder matrix H isa @ x @ Toeplitz. Obviously, the time-domain voltage-current

relation at feed g is defined by the sum of convolutions

t Qi
/ vg(tw(t —t)dt' = Z / ip(t ) hgp(t —t')dt', (2.22)
p=1"7%°

— 00

where hgp, = F ~'{H,p}. By time discretizing this relation and the current’s time-evolution, expanding the algorithm

to multiple feeds is vexing but trivial

At _ At .
Uy = (wO + AthOGpcm,(n))il(e_ Trec @ Ts hOzn—l + AthOGpcm,(n) Vb + Cn)7 (2'233)
. _Ay Ay,
1y =€ Trec€ Tslp_ 1+ (Vb - vn)AtGpcm,(n)u (2"2'3b)

where v, isa ) X 1 vector containing the feed voltages at sample 1, %,, the currents, V', the bias voltages, b, a Q x @
matrix with the placeholder functions, G'perm, (n) @ diagonal @ x () matrix containing the time-evolution of the material
conductance at the feeds, and C', is () x 1 vector containing the memory effects at each feed. The weight function is

chosen similarly to the single feed case - squared self admittance W = Y2,

2.8.1. Mutual Impedance

The frequency-domain mutual impedance is plotted in Fig.2.24(a-b) for elements at two distances. Naturally, feeds with
larger spacing are more decoupled - wave component of p has higher attenuation at g. Thus, the mutual impedance
decreases with the distance. Additionally, it also decreases with frequency - the wave leaks faster at large f, resulting in
lower coupling. Therefore, opposite to the self impedance, the discontinuity at the maximum frequency decreases. For
reference, the mutual impedance impulse response is plotted in Fig.2.24(c). Indeed the Gibbs phenomenon is reduced,

especially at large distance. However, small oscillatory behavior is still observed.

2.8.2. Mutual Placeholder Function

The mutual and self-impedance are multiplied with the same weight - squared self-admittance. In contrast to the self-
placeholder function which is the self-admittance, the mutual placeholder function does not have any physical definition.
The frequency-domain mutual placeholder function is plotted in Fig.2.25(a-b). Although no apparent discontinuity is
observed, the spectral content is highly reduced - the majority of the content is located at lower frequencies. The impulse
response is plotted in Fig.2.25(c). There are no obvious oscillations, however, the impulse response decays much slower

due to the decreased spectral content.
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Figure 2.24: Mutual impedance for elements at two distances; in (a) the resistance, in (b) reactance, and in (c) mutual impedance impulse response.
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Figure 2.25: Mutual placeholder function for elements at two distances; in (a) the real part, in (b) imaginary part, and in (c) mutual placeholder

impulse response.
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Figure 2.26: Energy error with respect to the truncation; in (a) Ay = 2.5 GHz,andin(b) Ay = 5GHz.

2.8.3. Energy Error

Similarly to the single feed algorithm, the error between the time and frequency domain energy is quantified with Eq.2.17.
The error, in a two feed 1D connected array, is plotted in Fig.2.26 with respect to the truncation. The feeds are spaced at
distance A, = 100 pm; both are biased by Vj, = 30 V' and excited by Popt = 50 mW . Unlike the single feed case where
zero error can be achieved, it might not be possible to remove the energy error in the multiple feed case. The minimum
error is highly dependent on the geometry. The inability to fully optimize the error is attributed to the spectral content of
the mutual placeholder function. As the majority of the content is at low frequencies, increasing the truncation negatively
impacts the recovery of the impulse response*. The error in Fig.2.26(a) is for frequency resolution Ay = 2.5 GHz,
while in Fig.2.26(b) for Ay = 5 G H z. The error is evaluated for the same f,,;5, (in terms of non-normalized frequency)

in both cases. No evident difference between the error is observed with respect to the frequency resolution.

*The acute reader might wonder why the same weight is applied to the self and mutual impedance. A solution using two different weights was
considered, but not implemented / investigated due to time considerations.






Chapter 3.

Infinite Leaky-Wave Slot

One of the most used photo-conductive antenna topologies is the tapered infinite LW slot, also known as bow-tie.
Typically, the bow-tie is analyzed as a dispersive antenna with constant impedance. However, despite being broadband, in
reality the impedance varies across the spectrum. Consequently, the impulse response is not a delta function, and thus
the memory eftects of the structure must be considered. Although the non-dispersive approximations allows for a good
average power estimate, it fails to characterize the frequency dependence. With this in mind, the dispersive time-step
algorithm allows for a more accurate frequency dependent analysis of these antenna structures. Moreover, as an analytical
model of the bow-tie does not exist, analysis of a non-tapered slot is performed in this work. Yet, this analysis is a good

starting point for describing the effects in tapered slots.

Before continuing with the analysis of the infinite leaky-wave slot, it is useful to derive an equation for the energy balance in
time-domain. The derivation is performed considering a cylindrical photo-conductive gap similar to [19]. Afterwards, the
power spectral density (PSD) of the dispersive time-step analysis is compared to the fully dispersive (constant impedance)
antenna approximation. Next, the far-field and radiated energy (in a pulse) of the infinite leaky-wave slot are studied, and
the derived energy balance equation is validated. Finally, a study on the antenna efficiency and bandwidth with respect to

antenna parameters is performed.

3.1. Energy Balance Equation

Consider a cylindrical photo-conductive gap placed symmetrically around the origin and oriented in 2. The gap hasa
height A, and is biased by a source with potential V}, - the positive source terminal is in the lower half-space. Consequently,
the bias electric field E}, is oriented in 2 from the positive to negative terminal, as shown in Fig.3.1(a). Prior to an optical
excitation, E"b causes a build up of positive and negative charges, pT and n~, with equal magnitude on the positive
and negative terminals respectively. After an optical excitation, an amount of charge AQ(t) flows through the photo-
conductor resulting in two effects. Firstly, the charge flow creates a transient current distribution j ()2, where j(t) is
oriented along 2, as shown in Fig.3.1(b), adhering to the conventional current definition - flow of positive charge. Secondly,
a drop of charge by AQ(?) at the terminals leads to an electric potential drop. The electric potential drop is described as
a transient terahertz field €(¢) with opposite direction to Ejy, as shown in Fig.3.1(c). Therefore, using the notation in [19],

the total gap electric field is €yq, (t) = Ep2 — e(t)2.

Fundamentally, the photo-conductive source is a switched capacitor with large capacitance C', and discharge rate controlled
by an optical excitation. However, in contrast to a standard capacitor where no charge flows through the dielectric,

photo-conductive sources are discharged through the photo-conductor.

Assuming the photo-conductive source is fully charged, with Q;y,, at the optical excitation time ¢ and according to [26],

the change in potential energy at time instance ¢ is

AU = [ vvitt)dr 51)

to

27



28 Chapter 3. Infinite Leaky-Wave Slot

@ (b)

Figure 3.1: Cylindrical photo-conductive feed with delta gap A, and biased by a source with potential Vj,. In (a), the bias electric field Ey 2, shown in
red, causes a build up of positive and negative charges, pT and n ™, before optical excitation on the positive and negative terminals respectively. In (b),
an optical excitation at time instance ¢ causes a flow of charge AQ(t) over the photo-conductive gap; this flow of charge creates a current density
7 (t)2, shown in green. In (c), the charge decrease at the terminals creates a potential drop described by a transient terahertz field —e(t) 2, shown in
blue, opposing £ 2.

Since the current is equal to the charge’s rate of change, then

¢ Q(t)
AU(t) :/t Ugap(t)d(fi_(tt)dt:/ Vgap(q)dg. (3-2)

ini

Furthermore, using the charge-voltage relation ¢(t) = C'vgap(t), AU (t) becomes

1 QM 1 Q) 1 Q(t)
MU0 =g [ adn= o0 = Frama)] 63)

Considering the charge at t is less or equal to the initial charge at tg, Q(t) < Qini, and the change of charge between ¢
and t being AQ(t) = Qini — Q(t), therefore

1
AU(t) = _évgap(t)AQ(t)- (3-4)
Consequently, from the potential energy to work relation W = — AU, the total work performed in the photo-conductive

gap (for one laser repetition 7") is the total change of potential energy
U(to-‘rT) 1 Q(to-‘rT)
Wais = — / AU = 5 / Vgap(t) AQ. ()
Ul(to) ini

In an infinitesimally small time step dt, the change of charge in dt is equal to the charge flow (current) across the gap

AQ(t)/dt = i(t). Then, the total work performed in the gap for a period T" is expressed as

1 to+T
Wais = 5 / Vgap(B)i(t)dE. (3.6)
to

As previously described, the total electric field in the gap is the superposition of the bias and transient terahertz fields, by
extension the total gap electric potential difference is vgqp (t) = Vi, — v(t), where v(t) is the transient terahertz electric

potential. As a result, from Eq.3.6 a relation between the transient terahertz, gap, and source energies is derived as

to+T to+T to+T
1y / i(t)dt = 1 / vgap(t)i(t)dt—i-% / v(t)i(t)dt. (3.7)

2 to 2 to to
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Figure 3.2: Infinite leaky-wave slot printed on a ground plane of perfect electric conductor between two homogeneous dielectrics.

The product between the time-domain voltage and current is known as the instantaneous power

p(t) = v(t)i(t) (3.8)

supplied to the slot by the feed. Moreover, assuming lossless ground plane, th whole energy entering the slot (from

the feed) is radiated. Consequently, the supplied (by the DC source), dissipated in the gap, and radiated energies are

respectively

1 to+T .

Esyp = §Vb/ i(t)dt, (3.92)
to
1 [to+T .
Eprs = 3 / Vgap()i(t)dt, (3.9b)
to

1 to+T )

Epap = 5/ v(t)i(t)dt. (3.9¢)
to

Before validating this equality, the far-field radiated power spectral density (PSD) must be evaluated.

3.2. Comparison to the Fully Dispersive Approximation

Consider an infinite leaky-wave slot printed on a perfect electric conductor (PEC) ground plane as shown in Fig.3.2. The
slot is printed between two homogeneous dielectrics n = 1 and n = 2 with permittivity €, 1 = 1and €, 5 = 11.7,and
is fed by a photo-conductive feed with length Ay, = 5 pm. The width is wg = 10 um. The higher density dielectric

n = 2islocated in the upper hemisphere z > 0.

To determine whether the non-dispersive (non-constant impedance) time-step algorithm provides an advantage over the
constant impedance (fully dispersive) approximation, the two methods are compared'. The non-dispersive analysis is
performed with the parameters described in Table.r.1. While in the completely dispersive analysis, the antenna impedance

is considered to be Rgpnt = 50 £2 as shown in Fig.3.3.

The frequency-domain voltage and current magnitudes (of the non-dispersive and dispersive evaluations) are compared
in Fig.3.4(a-b). Considering the current, at frequencies f < 1000 G H z, there is good agreement between the two
methods with a deviation of around 1 dB. On the other hand, at the spectrum’s tail (above 1000 G H z), the dispersive
approximation largely overestimates the magnitude. Essentially, the reactance grows which increases the mismatch

between the internal and antenna loads. This behavior is not captured by the constant real impedance in the dispersive

"The methods used to evaluate and compare the power spectral density and average radiated power are introduced later in this chapter.
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Figure 3.3: Impedance comparison between the non-dispersive and fully dispersive analysis of the infinite leaky-wave slot; in (a) the resistance, and in
(b) reactance.

approximation. Furthermore, considering the voltage, the approximation largely overestimates the magnitude at low
frequencies below 400 G H z. Referring to the actual antenna impedance in Fig.3.3, it goes to zero at DC corresponding
to a voltage drop. Therefore, as seen in Fig.3.4(c), the non-dispersive approximation largely overestimates the power

spectral density at low frequencies and in the spectrum’s tail.

Comparison between the radiated average power (of the non-dispersive and dispersive evaluations) and their difference
is plotted in Fig.3.5. Because the power spectral density is overestimated by the dispersive approximation, the radiated

average power is on average 0.75 dB higher than the actual radiated power.

3.3. Far-Field

An infinite leaky-wave slot radiates predominantly in the denser n = 2 medium. The space wave contribution in the
lower density n = 1 medium is considered negligible. Consequently, the far-field is evaluated only in n = 2 medium.
With this in mind, there are two relevant (to this analysis) approaches in evaluating the far-field - using the electric vector

potential, or the spectral convolution of Green’s functions and magnetic currents.

3.3.1. Electric Vector Potential Approach

The first method is using the spatial electric vector potential F;, (, y, 2) (in medium n) associated with the magnetic

currents on the slot m(z, y). Then, the electric field is the curl of this electric vector potential

—

1 _
En(xayvz) = _?v X Fn(.’E,y,Z), (3-10)
n

where €, is the permittivity of medium n. For a narrow slot (dominant edge-singular mode), the vector potential in the

denser medium is derived in [12] as

FZ(xv Y, Z) = —¢&2 21}1(]}/)d$/§3, (3'11)

. 0 g—jkaR(z—a'y,2)
/oo 4’/TR(£L’ - .’El,y, Z)

where R(z,y, z) is the radial distance, v, the longitudinal spatial magnetic currents on the slot, and k2 the propagation

constant in medium n = 2.
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3.3.2. Spectral Convolution Approach
The convolution of the spectral Green’s functions GEM (k,,, k, ) and spectral magnetic currents M (ky, ky) is

—

1 oo oo - = . .
Blone) = g [ [ GO k) Wy )e 7o, 22

At the stationary phase point (a single plane wave has a dominant contribution), the integrand can be separated into
slow-varying component and a component with known analytical integral solution. The slow-varying component can, in
essence, be treated as a constant and taken out of the integration. Therefore, the spectral integration in Eq.3.12 has an
analytical solution

/ e~ Jknt

Epp(z,y,2) = jhzsGPM (pa, kys) M (kas, kys)e 71721 —— (33)
™

where k5, kys, and k. ¢ are the stationary phase point wave-number components, and 2’ is the observation point (2" > 0

m forn = 2,and 2’ < 0m for n = 1). Both methods require knowledge of the magnetic currents.

3.3.3. Magnetic Currents

For a narrow infinite slot, the magnetic currents are well known M (ky, ky) = Vi(ky)My(ky)2E with V;(k;) and

M, (k,) the longitudinal and transverse components respectively [11][27]

sinc(%kx)

Vilky) =1 D)

(3-142)

Mi(ky) = —Jo(5ky). (.14b)

where I is the frequency-domain response of the evaluated current i(¢) using the time-step algorithm, and D(k;) is the

dispersion equation derived in [11]

2

]. ws ws
D(k) D (ks — K Jo(G VR R H (VR - ). (315)

"~ 2koCo —

While m (y) is known and has a closed form spatial FT, v, (2) is not and must be evaluated numerically using the spatial

IFT on V, (k,)

. A
1 [ sinc(=%2k;) _,
e = o I—_2 % o dhamif,. 16
Yr = on /,Oo D(k,) ¢ (316)

Essentially, the analysis of PCAs consists of evaluating the antenna impedance and impulse response, using the time-step
algorithm to estimate the time-domain voltage and current, and finally evaluating the longitudinal slot voltage and

far-field using the frequency-domain response of the estimated current.

By using the electric vector potential, the field can be evaluated at any point (x, y, z) in space. However, the approach
requires the numerical evaluation of the spatial IFT in Eq.3.16, and the numerical integration over the slot’s length in
Eq.3.1t for each point of interest. On the other hand, the convolution method (at the stationary phase point) can only
be used to evaluate the far-field. However, it is a much faster approach, as it does not require evaluation of the spatial
IFT and integration over the slot’s length. Therefore, because the near-field is of no interest in this analysis, the second
method with a stratified media representation of GEM (k,, ky)* is used to evaluate the far-field.

*The stratified media representation of the Green’s functions for the LW infinite slot are well known and discussed in previous works, as such they
are not discussed in this thesis.
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Figure 3.6: For the photo-conductive infinite leaky-wave slot in (a) the electric far-field at R = 1 m and ¢ = 0 deg, and in (b) current spectrum.

3.3.4. Temporal Far-Field

As a time-domain system, it is interesting and beneficial to investigate the far-field in time. To recover the temporal
far-field, simply the IFT is used on the evaluated spectral far-field &(t) = .Z~'{ E(f)}. Using the linear property of

integration, the IFT of each vector component is evaluated separately
err(t) = F HE[ (e + 7 HE["(NH)}g+ 7 BT (h)}2 (3.17)

The temporal field is a real signal and as such, the spectral far-field is conjugate symmetric. Moreover, naturally the
spectral far-field carries the wave propagation information in terms of the phase. Thus, obviously the wave propagation

delay at the observed radial distance is noticeable in the recovered temporal far-field.

3.3.5. Evaluation

During the study, the slot is considered with a width ws = 10 pm, while the feed length is Agqp, = 5 pm. The
photo-conductor absorbs I:’Opt = 50 mW and is biased by V;, = 30 V. Finally, the denser medium is silicon with relative

permittivity €, 2 = 11.7, and the lower permittivity medium is vacuum.

The evaluated electric far-field magnitude, using the stratified media Green’s functions at a stationary phase-point, is
plotted in Fig.3.6(a) at R = 1 m and ¢ = 0 deg inside the denser medium. For reference, the current magnitude is

plotted in Fig.3.6(b). Naturally, as the current decreases with frequency, the far-field also decreases.

The temporal field’s components are plotted in Fig.3.7 at broadside = 0 deg and ¢ = 0 deg. The electric field is
purely y-oriented at broadside. Moreover, the wave arrives at the observation point around t ~ 11.41 ns after the feed’s
excitation. Considering the speed of light in silicon and distance of R = 1 m, the wave should arrive at t = 11.4096 ns.
Observed and calculated time of arrival have a good match. In reality, the wave might arrive slightly later as a consequence
of the leakage time from the slot. At this point, it must be noted that (due to the DIFT) the time-domain is periodic with
periodicity of 1/A 3. For a frequency step Ay = 2.5 GH z, this periodicity is T' = 400 ps; thus, the wave is observed

at the 28th periodic segment.

The time-evolution of the temporal field magnitude is plotted in Fig.3.8 at ¢ = 0 deg for four time steps. The LW beams
are clearly visible. Finally, both time plots show the pulsed nature of the PCA.

3The periodicity is a consequence of the Poisson summation discussed in Chapter.2.1.
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Figure 3.7: Temporal electric far-field’s components, at R = 1 m broadside (¢ = 0 deg and ¢ = 0 deg),
of the photo-conductive infinite leaky-wave slot; in (a) z-component, (b) y-component, (c) z-component.
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Figure 3.8: Temporal electric far-field, at R = 1 m and ¢ = 0 deg, of the photo-conductive infinite leaky-wave slot;
in(a)t = 11.4090 ns, (b) t = 11.4096 ns, (c) t = 11.4103 nsand (d) ¢t = 11.4109 ns.
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Figure 3.9: Wave propagating in a 400 pm section of the infinite leaky-wave slot; in (a) ¢ = O ps, (b)t = 0.4 ps,(c)t = 0.8 psand (d)t = 1.2 ps.

3.4. Slot Wave

Similarly to the temporal far-field, it is interesting to investigate the wave propagating on the slot in time. To recover the

temporal evolution, the IFT of the longitudinal magnetic current, slot voltage, in Eq.3.16 is evaluated

v (,t) = F Hua(z, )} (3.18)

Hence, first the spatial IFT of V,; (k; ) must be evaluated, followed by the temporal IFT. This evaluation must be performed

for each longitudinal point of interest x.

The propagating wave on the slot is plotted in Fig.3.9 on a 400 pzm part of the slot centered at the feed. The plot visualizes

the time-evolution for four steps.

3.5. Power Spectral Density

There are multiple equivalent approaches to evaluate the power spectral density (PSD) of the radiated wave. One method
is to use the frequency-domain voltage and current across the photo-conductive feed. Considering the ground plane
(on which the slot is printed) is perfect electric conductor (PEC), there are no losses as the wave propagates on the slot.
Consequently, the active power entering the slot leaks into the denser medium. The contribution associated with the
space in the less dense medium 7 = 1 is negligible - almost all of the radiated power is radiated in the higher permittivity

medium. Therefore, by using the frequency-domain voltage and current, the active power is

P= %m{w*}. (3.19)
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Figure 3.10: Radiated power spectral density of the photo-conductive infinite leaky-wave slot.

Needless to say, the radiated PSD in the far-field (TEM wave) is evaluated using the Poynting vector

1|Err(6 2
§| FF(<;¢aT)| f, (3.2’0)

5(97 o,7) = EFF X ﬁFF =
where (3 is the wave impedance of the denser medium. The total power is captured in the upper hemisphere (denser

medium) associated with the dominant radiation mechanism

27 pm/2 R
P [ [ 180.6.0|smodsdo, 521
0 0

When a lossy conductor is used as the ground plane, the power entering the slot does not equal the power in the far-field.
In this case, the power losses must be considered when using the former approach or the PSD must be evaluated solely in

the far-field.

The PSD is plotted in Fig.3.10 for the parameters used in the previous far-field plots. The frequency-domain and far-field
evaluations are equivalent. In general, the power decreases with frequency due to the decreasing current, plotted for
reference in Fig.3.6(b). However, at low frequencies (close to DC), the antenna impedance also decreases which results in

a radiated power drop.

3.5.1. Average Power

The power level in Fig.3.10 are close to noise. However, the PSD represents the power radiated in one pulse with period
T'. A photo-conductive antenna radiates mzllions of pulses in a second. Consequently, the average radiated energy per

second is

Pui=7 [ P, (522

A photo-conductive system integrates the received power over multiple pulses. Naturally, higher power in a signal pulse

means lower integration time [16]. This fact is one of the reasons to improve the radiated power of PCAs.
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3.6. Energy

Referring to Eq.3.7 and following from Parseval’s theorem, the energy supplied to the slot in Eq.3.9(c) should be equal to

the one radiated in far-field (assuming lossless ground plane)

to+T )
Epap = / o(t)i(t)dt = 2 / P(f)df. (3.23)

2
where the symmetry of the PSD is used. Therefore, in order to estimate the validity of the derived energy balance in
Eq.3.7, the energy in the far-field is compared to the time-domain estimation. Another beneficial validity check is to
compare the difference between supplied and dissipated energy to the radiated, i.e. Esyp — Eprs = Erap. However,

before investigating the radiated energy, it is useful to provide a discussion on the saturation point.

3.6.1. Saturation Point

The saturation is related to the number of released carriers and drift velocity described by the Drude-Lorentz model. The

current density (and by extension the current) are related to the number of released carriers and drift velocity [20]

t
Jjt) = / GeMave (t, )T (t, ) dt” . (3.24)

Therefore, increasing the optical power increases the number of carriers in the photo-conductor. However, larger number
of carriers results in higher decrease of charges at the terminals. This charge reduction corresponds to larger voltage drop
in the gap - decrease in the gap electric field. From

¢

t
T(t,t) = k/ e T, (t)dt (3.25)
t//

Me

the lower gap electric field reduces the drift velocity. In turn, the lower drift velocity limits the increase in the current
density. At the saturation point, this limiting behavior becomes dominant and blocks the current from increasing.
Moreover, from Eq.3.25, it is seen that lower carrier’s effective mass and higher scattering time correspond to larger drift

velocity. Consequently, photo-conductors satisfying these conditions have higher saturation current.
q % ying g

3.6.2. Absorbed Optical Power

The time-domain energy evaluation is compared to the far-field’s in Fig.3.11(a) with respect to the absorbed optical power
Popt. As seen, the match is ideal. Moreover, the rate of energy increase is higher before the saturation point, and lower
after the saturation point. The radiated energy is linearly dependent on the absorbed optical power with rate of change
decreasing after the saturation point. Additionally, the radiated energy is compared to the difference of supplied and

dissipated in Fig.3.11(b) - no apparent deviation is observed between the two.

3.6.3. Bias Voltage

The time-domain energy evaluation is compared to the far-field’s in Fig.3.12(a) with respect to the bias voltage V. There
is no difference between the far-field and time-domain estimations. Additionally, the energy has a square relation to the
bias. Moreover, the radiated energy is compared to the difference of supplied and dissipated in Fig.3.12(b). Once again,

there is no difference between the two.
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Figure 3.1x: Radiated energy with respect to the absorbed optical power, the saturation point is marked with red dashed line;
in (a) comparison of time-domain and far-field estimation, and in (b) difference of supplied and dissipated to radiated energy.
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Figure 3.12: Radiated energy with respect to the bias voltage;
n (a) comparison of time-domain and far-field estimation, and in (b) difference of supplied and dissipated to radiated energy.



3.6. Energy 39

—6—FF — % =TD —O—FF — % —Esyp — Eprs

2.3 23

2251

2251

221 22t

Eraa [pJ]
E, o4 [pJ]

2151
[

2151
[«

21 L L L L L L L L L 2.1 L L L L L L L L L
60 68 76 84 92 100 108 116 124 132 140 60 68 76 84 92 100 108 116 124 132 140
7 [fs] 7 [fs]
(@) (b)

Figure 3.13: Radiated energy with respect to the laser’s full width at half maximum;
in (a) comparison of time-domain and far-field estimation, and in (b) difference of supplied and dissipated to radiated energy.

—©—FF — % = Esyp — Ep1s

3.5 3.5

N 25 N 25t
& &
< <
g g
R 2r R o2r
15} 15}
1q N 1 1 1 1 1 1 1 1 1 1q ' 1 1 1 1 1 1 1 1 1
150 180 210 240 270 300 330 360 390 420 450 150 180 210 240 270 300 330 360 390 420 450
Tree [£5] Tree [£5]
(a) (b)

Figure 3.14: Radiated energy with respect to the recombination time;
in (a) comparison of time-domain and far-field estimation, and in (b) difference of supplied and dissipated to radiated energy.

3.6.4. Full Width at Half Maximum

Next, the evaluated energy in time-domain is compared to the far-field’s in Fig.3.13(a) with respect to the laser’s full width
at half maximum 7, (FWHM). Once again, the difference between the energy evaluations is negligible. In addition, the
relationship between the energy and FWHM is linear (or at least while 7, is much smaller than 7,...). However, the rate
of change is negligible compared to the optical power. The radiated energy is compared to the difference of supplied and

dissipated in Fig.3.13(b). Similar to before, no apparent difference is observed.

3.6.5. Recombination Time

Although the recombination time is dependent on the photo-conductive material and often not a design parameter, it is
useful to investigate its influence on the antenna’s performance. The time-domain and far-field energy evaluations are
compared in Fig.3.14(a) with respect to 7;... Obviously, there is no difference between the time-domain and far-field
estimations. Increasing the recombination time corresponds to linear growth in the radiated energy. The radiated energy

is compared to the difference of supplied and dissipated in Fig.3.14(b) - no deviation.

The results confirm the validity of the derived energy balance in Eq.3.7. Two different comparisons are performed -
radiated energy in far-field and time-domain, and difference between the radiated energy and supplied minus dissipated.
There is no observable difference between these comparisons for parameter sweeps over the absorbed optical power, bias
voltage, FWHM, and recombination time. Finally, it must be noted that the highest influence on the radiated energy has

the bias voltage with a square relation. While the energy is dependent on the other parameters linearly.
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Figure 3.15: With respect to the absorbed optical power;
in (a) antenna efficiency (the saturation point is marked with red dashed line), and in (b) gap voltage.

3.7. Antenna Efficiency

In the photo-conductive antenna community, it is common to define the antenna efficiency in terms of the laser’s optical
power. However, from Eq.3.6 follows that the bias field is responsible for the work performed on the released charges.

Ergo, the antenna efficiency is defined as the ratio between the supplied and radiated energy in Eq.3.9

Erap

Nant = (3'26)

Esyp

From these equations follows that the antenna efficiency is maximized when the transient voltage approaches the bias, i.e.

the gap voltage approaches vgqp, =0 V.

The antenna efficiency is plotted in Fig.3.15(a) with respect to the absorbed optical power. Evidently, the antenna efficiency
has a larger rate of increase below the saturation point. Referring to the gap voltage plot in Fig.3.15(b), the drop in the
gap electric field decreases at the saturation point - the change is smaller. Consequently, the change in efficiency is also
diminished. In fact, due to saturation, the gap voltage never reaches 0 V. Therefore, in terms of efficiency, the optimal

absorbed optical power corresponds to the saturation point.

In terms of the bias voltage, the efficiency is plotted in Fig.3.16(a). Evidently, the efficiency is not influenced by the
bias voltage. By comparing Fig.3.15(a) to Fig.3.16(a), it is concluded that the saturation point is independent of the bias
voltage. Furthermore, the gap voltage is plotted in Fig.3.16(b). Obviously, higher bias corresponds to higher drift velocity,
and thus larger voltage drop - more radiated energy as observed in Fig.3.12. Therefore, to maximize the radiated energy
while retaining the saturation point efficiency, the bias voltage should be chosen close to the breakdown voltage of the

photo-conductive material.

Further, the efficiency is plotted in Fig.3.17(a) with respect to the FWHM. Similarly to the bias voltage, the FWHM has
no influence on the efficiency. However, referring to the gap voltage plot in Fig.3.17(b), it does not contribute significantly

to the voltage drop. Consequently, the FWHM has a negligible influence on the energy as also observed in Fig.3.13.

Finally, the efficiency is plotted in Fig.3.18 with respect to the recombination time. Similarly to the bias and FWHM, the
recombination time does not impact the efficiency. The gap voltage is plotted in Fig.3.18(b). Evidently, the recombination
time has a negligible effect on the maximum amplitude of the voltage drop. However, naturally, the longer existence of

carriers corresponds to a longer voltage drop. This behavior leads to a slight increase in the energy as seen in Fig.3.14.

Overall, the only parameter observed to influence the efliciency is the absorbed optical power. With this point in mind,

the largest efficiency increase is achieved at the saturation point. Additionally, despite that the bias voltage does not
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Figure 3.19: In (a) comparison between the radiated power, and in (b) between the overall efficiencies
with and without accounting for lower frequency limit.

influence the efficiency, it has the greatest influence on the radiated energy. Therefore, to maximize the radiated energy,

the bias voltage should be close to the photo-conductor’s breakdown voltage.

3.7.1. Lower Frequency Limit

In reality, the quasi-optical lens is designed to operate above a certain frequency. For frequencies below this nominal
point, the lens is electrically small. Thus, the geometrical optics (GO) and physical optics (PO) approximations cannot be

applied.

Additionally, although the slot is considered infinite in the models, the physical slot has a certain length. This length
is chosen such that, at the frequencies of interest, the wave has already leaked by the time it arrives at the termination.
Meaning at the frequencies of interest, the slot is indeed approximated as infinite. However, at lower frequencies, the LW
attenuation constant decreases and the wavelength increases. Thus, the wave does not sufficiently leak until it reaches the
terminations, and the infinite slot approximation fails. Consequently, considerable portion of the power is dispersed

from the slot’s boundaries.

As a consequence, a more accurate efliciency is defined by considering the radiated power over a certain frequency

2 [P

7 !
n = " (3.7_7)
ant ES

Essentially, an additional efficiency is defined as

0 f !
=0 orh =T (328)
1 forf> f'.

A comparison between the radiated power with and without accounting for this new efficiency is plotted in Fig.3.19(a).
Further, a comparison between the overall efficiencies is plotted in Fig.3.19(b). The considered minimum frequency f” in

the comparison is f' = 75 G H z chosen as the quasi-optical link cut-off frequency in [20].
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Figure 3.21: With respect to the bias voltage; in (a) bandwidth, and in (b) radiated power.

3.8. Bandwidth

Investigating the change in the half-power point f_34p (—3 dB point or bandwidth) with respect to the discussed
parameters is beneficial in providing complete design guidelines. Naturally, the bandwidth is defined as the frequency

point at which the radiated power drops by half from its maximum value.

The bandwidth is plotted in Fig.3.20(a) with respect to the absorbed optical power. Increasing the optical power
corresponds to a large drop in the bandwidth - inverse exponential relation. For reference, the PSD is plotted in Fig.3.20(b).
In fact, higher optical power leads to a disproportionate increase at lower frequencies. In essence, considering the laser’s
Gaussian temporal behavior, increasing popt results in a larger charge density. Further, as the number of carriers is given by
the convolution of the photo-conductor’s impulse response (related to 7,..) and the charge density [20], there are more
available charges at later time instances. Thus, the length of the time-domain response increases and frequency-domain

response becomes narrower.

In terms of the bias voltage, the bandwidth is plotted in Fig.3.21(a). As seen, the bias has no effect on the bandwidth.
Referencing the PSD plot in Fig.3.21(b), indeed higher bias increases proportionally the power at all frequencies.

Further, the bandwidth is plotted in Fig.3.22(a) with respect to the FWHM. Assuming 7, is much smaller than 7,
there is no significant decrease in the —3d B point. Obviously, under the same assumption, the PSD change in Fig.3.22(b)

is insignificant.

Finally, the bandwidth is plotted in Fig.3.23 with respect to the recombination time. This parameter also has an inverse
exponential relation, and the largest influence on the bandwidth. The PSD is plotted in Fig.3.23(b). Evidently, increasing

the recombination time moves power to lower frequencies. Considering the time-domain behavior, obviously the



44 Chapter 3. Infinite Leaky-Wave Slot

T, =60 fs 7, = 100 fs T, = 140 fs
520 T T T T T T T T T -235 T T T T T
-240
515 i
W 5 245
g z
=510 1 o -250
Y
3 3
« & 255
505 | 1
-260
500 N N I N S S S S 265 | | | | |
60 68 76 84 92 100 108 116 124 132 140 0 500 1000 1500 2000 2500 3000
7 [fs] f|GHZ]
(a) (b)
Figure 3.22: With respect to the full width at half maximum; in (a) bandwidth, and in (b) radiated power.
Tree = 150 fs Tree = 300 fs Tree = 450 fs
1000 T T T T T T T T T -230 T T T T T
900 235
_ soo 240
N 700 R
5 T -245
= 600 ™
)
% 500 =290
“ "
400 285
300 | ) -260
200 S (N S N R SR S N 265 | | | | |
150 180 210 240 270 300 330 360 390 420 450 0 500 1000 1500 2000 2500 3000
Tree | fS] f |[GH=z]
(@) (b)

Figure 3.23: With respect to the recombination time; in (a) bandwidth, and in (b) radiated power.

response is longer for larger 7.c.. Therefore, it is expected that the frequency response is narrower.



Chapter 4.

1D Connected Array

The major advantage of the non-dispersive time-step algorithm is in the analysis of photo-conductive connected arrays
(PCCA:s). In former analysis, the photo-conductive feeds are considered completely decoupled. As such, the wave
component, excited by a feed, does not interact with any other feeds. Thus, the constant impedance approximation can
be applied to each feed individually. By extension the total radiated power is the sum of the power supplied to the slot
by each feed. However, the feeds are not completely decoupled in reality. Therefore, a power loss is expected due to
coupling. The dispersive time-step algorithm provides the advantage of modeling the mutual interaction between feeds,

and intrinsically includes the associated power loss.

The novelty of the provided analysis originates from the new non-dispersive time-step algorithm. With this point in
mind, the chapter begins by expanding the energy balance equation to multiple feeds (also referred to elements) and
subsequently providing a validation. Then, the mutual coupling is discussed, characterized, and complemented by a
discussions on the embedded admittance and efficiency. Third, analysis on the far-field and active admittance of PCCA is
provided. A brief study of the far-field of progressively excited feeds is also included. Finally, a radiated power comparison

to an array modeled using the constant impedance approximation is made.

In a connected array, the total excitation is the superposition of the excitations I; = % {4} at all photo-conductive

sources [28]
Q .
Ie(k;z) — Zlqejkw(q_me'd)Aw’ (4.1)
qg=1
where A, is the spacing between feeds, ¢ the feed index, and Qiq = 0.5 + QQ/2 denotes the middle point on the slot in

terms of elements.

4.1. Energy Balance Equation

In an array, the total radiated energy is the sum of the energy supplied by each feed, assuming lossless ground plane.
Therefore, expanding the energy balance in Eq.3.7 is trivial - the contributions of all feeds must be considered
>

qg=1

1 to+T Q 1 [totT Q 1 [totT .
Voo [ i@ =35 [ v ®iai+ > 5 [ vt )
0 q=1

to 0

Obviously, the total supplied, dissipated, and radiated energies are the sum of all respective contributions

Q 1 to+T Q
Esup =) §Vb,q/ ig(t)dt =Y Esup,g, (432)
g=1 to g=1
Q 1 [totT Q
Eprs =Y 3 / Vgap.g(t)ig(t)dt =Y Eprs,g, (4.3b)
q=1 to q=1

45
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Figure 4.1: 2-element 1D photo-conductive connected array between two homogeneous dielectrics.

Q 1 [totT Q
Erap = Z 5 /to vy (t)ig(t)dt = Z Erap,g- (4-3¢)
q=1 q=1

The validity of this energy balance relation is confirmed similarly to the single feed relation. First, the radiated energy
evaluated in TD is compared to the far-field evaluation. Followed by a comparison between Er 4 p and the difference
of supplied and dissipated energies F'syyp — Eprs. This validation is performed with respect to the absorbed optical
powers and bias voltage. Each element is considered to be excited by the same optical power Popt = popt,q and bias

voltage Vj, = V4 for Vg.

Completely minimizing the energy error using the same weight, for the self and mutual impedance, can be unattainable
due to the mutual impedance spectral content distribution as discussed in Chapter.2.8.3. This task becomes more
unachievable for arrays with larger element spacing and more elements, i.c. larger edge element distance corresponding
to faster mutual impedance attenuation. With this point in mind, the TD to far-field energy comparison is made for
a 2-element array of feeds with length Agq, = 2.5 um, biased and excited by Vj, = 30 V and Popt = 50 mW, and
atdistance A, = 100 pm. The 2-element PCCA is shown in Fig.4.1. These parameters correspond to the least error
Er < 1%.

4.1.1. Absorbed Optical Power

A comparison between the radiated energy evaluated in TD and far-field is plotted in Fig.4.2(a) with respect to ]Sopt.
The difference between supplied and dissipated energy is compared to the radiated in Fig.4.2(b). First, the three energy
evaluations have an ideal match - validating the energy balance equation for connected arrays. Moreover, similarly to
the single feed PCA, the relation between the radiated energy and optical power is generally linear with rate of change

decreasing after the saturation point.

Obviously, the radiated energy by a 2-element 1D PCCA is roughly twice the radiated energy by a single feed PCA. The
critical reader might note that these results are for Ay, = 2.5 pm, while the single feed PCA results presented in
Chapter.3.6.2 are for Agq, = 5 um. However, for a laser excitation uniformly distributed across the feed’s surface, the

delta gap does not influence the current time-evolution [20]

Poio To 1
A, = it : (4-42)
? hfc \ 27T0't2 Agap'wz'ws

2 A w t t"—fd, 2 g t gt
iq(t) = Aqqiw/ T e / Ugap,q(t/)eit”t dt'dt”, (4.4b)
— 00 t//
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Figure 4.2: Radiated energy with respect to the absorbed optical power of a 2-element photo-conductive 1D connected array;
in (a) comparison of time-domain and far-field evaluation, and in (b) difference of supplied and dissipated to radiated energy.
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Figure 4.3: Radiated energy with respect to the bias voltage of a 2-element photo-conductive 1D connected array;
in (a) comparison of time-domain and far-field evaluation, and in (b) difference of supplied and dissipated to radiated energy.

where the A 44, and height w, cancel out. The delta gap changes the impedance though, but the difference in the
resistance (influencing the active power) is negligible, while in the reactance (influencing the internal to antenna load

matching) is larger at the spectrum’s tail above f > 1000 GH z.

4.1.2. Bias Voltage

The TD and far-field evaluations are compared in Fig.4.3(a) with respect to V3. The radiated energy is compared to
Esyp — Eprs in Fig.4.3(b). First, the energy evaluations have an ideal match. Second, the radiated energy has a square
relation to the bias voltage, similarly to the single feed PCA. Finally, once again the energy is roughly twice the energy

radiated by a single feed antenna.

Nevertheless, the radiated energy does not correspond to the energy of a single feed PCA multiplied by the number of

feeds in larger element arrays. In reality, lower radiated power is expected due to the mutual coupling.

4.2. Mutual Coupling

The analysis of the PCCA is incomplete without a study on the mutual coupling between elements. To this end, a
photo-conductive feed (referred as ¢ = 2) is surrounded by two unbiased photo-conductive elements (referred as ¢ = 1
and ¢ = 3) acting as photo-conductive loads. The feed is biased by V}, while all elements absorb equal optical power

Popt = Popt,q for Vq. The loads are excited simultaneously at 7¢ 1 = 7¢ 3, and the feed at 7, » = 0 ps. Thus, the loads’
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Figure 4.4: Photo-conductive antenna loaded with two photo-conductive loads (in magenta) surrounding the feed (in blue).

excitation delay is defined as

AT =Te,l —Te,2 = Te,3 — Te,2- (45)

The 3-element (photo-conductive feed surrounded by two photo-conductive loads) structure used to study the mutual

coupling is shown in Fig.4.4.

The total supplied energy to the 3-element system is solely provided by the feed’s bias source Esyp = Esyp,2. Fur-
thermore, as there are no bias fields, the photo-conductive loads’ gap voltages are vgqp 1 = —v1 and Vyap 3 = —v3.
Consequently, the charges in the loads are accelerated in the opposite direction to the charges in the feed - the currents 41
and i3 are opposite to i2. Referring to the energy balance in Eq.4.2, the careful reader notices that theg = 1and ¢ = 3
contributions to the radiated energy become negative. These terms represent the induced energy in the loads by the wave

launched from the feed
1

to+T
= / vg(t)iq(t)dt forqg =1, 3. (4.6)

Einp,g = 5
to

In essence, the total radiated energy is the difference between the energy entering the slot from ¢ = 2 and exiting from
g = 1and ¢ = 3. On the other hand, all contributions to the dissipated energy are positive, and these terms still represent
the dissipated energy in moving the charges across the elements. In fact, all the dissipated energy at the loads is induced

from the slot, i.e. the terms cancel out in Eq.4.2.

Naturally, the mutual coupling is highly dependent on the element spacing A and excitation delay A . Therefore, the
energies defined in Eq.4.3 and antenna efficiency (without accounting for the QO link) are studied with respect to these
two parameters. In the study, the elements’ delta gaps are A g4, = 5 pm, while the absorbed optical power and bias

voltage (at the feed) are popt =50mWand V;, = 30 V.

4.2.1. Element Spacing

The supplied, radiated, and dissipated energies are plotted in Fig.4.5(a) with respect to the element spacing. The excitation
delay is A, = 0 ps. At closely spaced elements, the reflections from the loads are larger. When these reflections arrive
back at the feed, the antenna impedance (seen from the feed) changes significantly. As a result, the feed current response is
altered more. This change corresponds to higher current, and hence more energy supplied by the DC source. The current
magnitude (at the feed) is plotted in Fig.4.6(b) for A, = 25 pm and A, = 100 um. Indeed, the current increases for

smaller element spacing.

However, there is a substantial reduction in the radiated energy and increase in the dissipated energy due to two effects.

First, more energy is induced at the loads - the wave launched (by the feed on the slot) arrives while the loads are more
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Figure 4.5: In (a) supplied, radiated, and dissipated energy, and in (b) antenna efficiency with respect to the element distance.
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Figure 4.6: Feed response of a photo-conductive antenna loaded with two photo-conductive loads;
in (a) the voltage magnitude, and in (b) current magnitude.

active and less energy has leaked by the time of arrival. Second, the impedance mismatch between the antenna and internal
loads increases as a result of the antenna impedance change. To verify the latter point, the voltage magnitude (at the feed)

is plotted in Fig.4.6(a). The voltage is lower for smaller element spacing indicating worse matching.

The antenna efficiency is plotted in Fig.4.5(b). Naturally, the radiated energy reduction and supplied energy increase result

in lower efficiency. On the other hand, the operating frequency of the array is increased (for smaller element distance).

4.2.2. Excitation Delay

The energies are plotted in Fig.4.7(a) with respect to the excitation delay. The element spacing is A, = 100 pm. The
load reflections do not arrive at the feed while being active - no change in the supplied energy. Yet, as the excitation delay
approaches the time of arrival, more energy is induced at the loads. Therefore, the radiated energy decreases, and total
dissipated energy increases. The antenna efficiency is plotted in Fig.4.7(b). The larger dissipated energy in the loads

corresponds to lower efficiency.

4.2.3. Cut-Off Frequency

Before investigating impedance seen by the feed (due to the photo-conductive load interactions), it is useful to define the

cut-off frequency. In connected arrays, destructive interference occurs at the frequency fo (cut-oft frequency) at which
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Figure 4.7: In (a) supplied, radiated, and dissipated energy, and in (b) antenna efficiency with respect to the excitation delay.

the element spacing is equal to half of the effective wavelength A, = Ao /2 [28]-[30]

Co

ZAW /E€reff ’

where ¢y is the speed of light in vacuum, and €, .y = (€1 + £,2)/2 the effective wavelength. In essence, when

fo= (4.7)

considering the wavelength, the phase difference between the wave components launched by the feeds becomes > 180°.

Consequently, this behavior has also a periodicity of fo.

4.2.4. Embedded Impedance

Instead of investigating the mutual coupling effects on the voltage and current separately, the analysis can be performed by
studying directly the impedance. With this point in mind, the impedance seen from the feed (element ¢ = 2) is defined

as embedded
emb — 2 . 4.8
Z b [2 ( )

It is a useful parameter to characterize the effects in the far-field and power due to the interactions between the elements.

The embedded impedance is plotted in Fig.4.8 for A, = 25 ym and A; = 0 ps. The frequency is normalized to fj.
For reference, the impedance of an unloaded photo-conductive antenna is plotted with dashed black line. Indeed, the
impedance is overall lower corresponding to less radiated power[1o0]. Additionally, the reactance increases up to around
f = 0.5fy (for Ay = 25 um, the cut-off frequency is fo ~ 2400 G H z), corresponding to the larger internal to
antenna load mismatch. On the other hand, there is a peak in the impedance corresponding to larger radiated power, but

the feed does not excite this part of the spectrum sufficiently.

The embedded impedance is plotted in Fig.4.9 for Ay = 25 ppm and A, = 0 ps. At larger element spacing, more power
is radiated by the wave’s time of arrival at the photo-conductive loads. Additionally, the loads are less active when the

wave arrives. Consequently, the antenna behaves closer to a unloaded infinite leaky-wave (LW) slot.

The embedded impedance is plotted in Fig.4.10 for two excitation delays and A, = 100 pm. For the simultaneous
excitation, the wave arrives at the loads when they are less active. As a result, the reflections are small and the structure
approximates the infinite LW slot with no loads. On the other hand, when the excitation delay approaches the time of
arrival, the loads are no longer t7ansparent. Thus, the elements interfere constructively at 0.5 fo and destructively at fo.

These constructive and destructive interferences corresponds to impedance maximas and minimas respectively.
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Figure 4.8: Embedded impedance for Az = 25 pm and A+ = 0 ps of the photo-conductive antenna loaded by two unbiased photo-conductive
loads (the dashed black line is the impedance of unloaded antenna, and the yellow dashed line is the narrow-slot approximation maximum frequency);
in (a) the resistance, and in (b) reactance.
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Figure 4.9: Embedded impedance for Az = 100 wm and A, = 0 ps of the photo-conductive antenna loaded by two unbiased photo-conductive
loads (the dashed black line is the impedance of unloaded antenna); in (a) the resistance, and in (b) reactance.
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Figure 4.10: Embedded impedance for different A7 and Az = 100 pm of the photo-conductive antenna loaded by two unbiased photo-conductive
loads (the dashed black line is the impedance of unloaded antenna); in (a) the resistance, and in (b) reactance.
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Figure 4.1x: s-element 1D photo-conductive connected array between two homogeneous dielectrics.

4.3. Magnetic Currents

As previously defined in Eq.4.1, the total excitation is the superposition of all individual feed excitations. Therefore, the

total spectral longitudinal magnetic current is

sinc(k, AQQ‘”’ )

V(km) :IE(kz) D(k:w) )

(4.9)

while the transverse component M; (k, ) remains the previously discussed edge-singular function in the spatial domain

corresponding to a zero-order Bessel function in the spectral domain. Therefore, the spatial longitudinal magnetic current

becomes A
1 [ sinc(=%2k,) _ .
= — I.(ky 2 _‘7k”dkx. _
v o (kz) D) e (4.10)

The longitudinal magnetic currents are studied for simultaneously and progressively excited s-element 1D PCCA shown

in Fig.4.1w.

4.3.1. Simultaneous Excitation

The magnetic currents are plotted in Fig.4.12 for simultaneous feed excitation. The z-coordinate is normalized to the
effective wavelength of the investigated frequency. For f = 0.2 fo in Fig.4.12(a), the distance between the edge elements
is small with significant magnetic currents after the edge elements. Thus, the dominant radiation mechanism is expected
to be the LW mode. In Fig.4.12(b), the edge-to-edge distance is no longer small. There is concentration of magnetic
currents at the origin, and after the edge elements. Consequently, the space and LW modes are both dominant radiation
mechanism. Finally, for f = fo in Fig.4.12(c), the wave components from each feed interfere destructively resulting in

lower radiated power.

4.3.2. Progressive Excitation

In [21], a distributed excitation of photo-conductive feeds is proposed, in which the feeds are successively excited as the
wave arrives. These structures result in high losses due to the high mutual coupling as seen in Chapter.4.2.2. However,
they provide a method to reinforce the LW beam in the direction of excitation. With this point in mind, the excitation

delay is defined as

Ar =Te g+1 — Teyq- (4.1)
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Figure 4.13: Longitudinal magnetic currents of the s-element progressively excited array with element spacing Az = 100 um;

in(a) f = 0.2f0,in (b) f = 0.5f0,in () f = fo,andin (d) f = 2fo.

The magnetic currents of the 5 element progressively excited array are plotted in Fig.4.13. Evidently, below f < 0.5 fo, the

wave adds constructively at the feeds reinforcing the magnetic currents in the direction of successive excitation. On the

other hand, destructive interference appears for f = fo. Consequently, the magnetic currents in the successive excitation

direction are lower than in the opposite direction.
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4.4. Far-Field

Similarly to the infinite LW slot analysis, the far-field is evaluated with Eq.3.13 - spectral convolution of GEM (ks ky)
and M (ky, k) = V (k) M;(k, )7 at the stationary phase point. In contrast to the infinite slot where the main mode is

the LW, in connected arrays the space wave (SW) is expected to be dominant [28].

The far-fields of the s-element (shown in Fig.4.11) and a 10-element 1D PCCA are compared. All feeds are excited by an
optical pulse with popt,q = ]50,,,5 = 50 mW, and are biased with V3, ; = V4, = 30 V for Vgq. The element spacing is
Ay = 100 pm. Thus, the cut-off frequency is fo ~ 594 GH z.

4.4.1. Grating Lobes

The array is a periodic structure. As such, more than one maxima beam can occur in either dielectric when the element
spacing is larger than the wavelength (in this dielectric). The secondary (other than the main) maxima beams are known
as grating lobes [29][10][31]. This behavior is enforced by the Poisson summation and is analogues to aliasing in the DFT -
spectrum folding when the sampling period is less than twice the bandwidth. Therefore, grating lobes in the  medium
are expected after

for (4.12)

Ax\/gr,i .

For an element spacing A, = 100 pm, the grating lobe frequency in the higher density medium is fgr, ~ 876 GH z.

4.4.2. Simultaneous Excitation

The electric far-field in the higher permittivity ¢ = 2 medium is plotted in Fig.4.14 for simultaneously excited feeds. First,
the 10-element array has higher gain and around 3 dB more directivity than the s-element. Second, grating lobes are
observed for f > fqy, in Fig.4.14(d-e). However, secondary maximas are also observed in Fig.4.14(b-c). These beams are
not grating lobes, but are associated to the LW mode. In fact, the LW arises due to the slot propagating wave after the
edge elements seen in Fig.4.12. Finally, at low frequencies and for small arrays, the far-field approximates the one radiated
by an infinite LW slot as observed in Fig.4.14(a). This behavior is caused by the small edge-to-edge element distance (in

terms of the wavelength). In essence, the wave sees the feeds as one element resulting in a dominant LW mode.

4.4.3. Progressive Excitation

The far-field is plotted in Fig.4.15 for progressively excited feeds. Evidently, the LW beam in the direction of successive
excitation is reinforced for frequency below f = 0.2fy and f = 0.5fy as seen in Fig.4.15(a-b). The beam in the
opposite direction is decreased due to destructive interference. However, at f = fo, destructive addition occurs at
each successive feed. Therefore, the beam in the successive excitation direction is no longer constructively reinforced as
observed in Fig.4.15(c). In fact, the beam in the opposite direction has negligibly higher magnitude. Finally, similarly to
the simultaneously excited array, grating lobes are observed in Fig.4.15(d-¢). The two LW beams have comparatively the

same magnitude in Fig.4.15(¢) due to the same mechanism as for f = fy and periodicity fo.
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Figure 4.14: Electric far-field of 5 and 10 element simultaneously excited arrays with element spacing A, = 100 pm;
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Figure 4.15: Electric far-field of 5 and 10 element progressively excited arrays with element spacing Az = 100 pm;
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4.5. Active Impedance

The active impedance is analogous to the embedded in the mutual coupling study. In other words, the impedance seen
from feed ¢ is defined as active
v
Zact,q = Tq (4~13)

q

The active impedance of the s-element simultaneously excited array is plotted in Fig.4.16. The frequency is normalized to
fo. First, the symmetric feeds with respect to the origin have the same impedance, i.e. the impedance at the edge element

g = 1 equals the one at the other edge element ¢ = 5, and atelement ¢ = 2to ¢ = 4.

Second, drops (or minimas) in the impedance are observed (marked with magenta). These drops correspond to less
radiated power [29][10]. The number of minimas corresponds to the number of unique distances between feeds. For
example, the central feed interacts with elements located at 100 pgm and 200 pm, thus 2 minimas are expected and
observed. On the other hand, the edge feeds interact with elements at 4 different distance, thus 4 minimas are observed.
The drops coinciding to larger distances are smaller in magnitude, because elements at larger distance are less coupled.
Further, these drops should correspond to multiples of the cut-off frequency f. However, in large array structures, the
interactions between the feeds’ wave components is more complex; as a result, the impedance drops shift. In fact, fora

3-element structure, the minimas are approximately at f as seen in Fig.4.10.

Third, in the internal feeds, some of the minimas correspond to negative impedance. Essentially, at these frequencies
more power is induced (at the feed) than supplied (to the slot). However, the total power in the slot (at these frequencies)
is still positive, i.e. no negative net balance. Thus, as expected, all of the power is supplied by the feeds. Finally, the active

impedance is initially capacitive, then inductive. This behavior is similar to the one observed in [28].

4.6. Power Spectral Density

To validate the previous observations, the power spectral density (PSD) at the feeds is studied. To that end, the PSD at
feed q is
1 *
Pq = §§R{Vqlq } (4'14)

Therefore, the total radiated PSD (assuming no ground plane losses) is simply the sum of the feed PSDs

Q
P = Z By (4.15)

q=1

The feed PSD of the s-element simultaneously excited array is plotted in Fig.4.17. First, the symmetric feeds (with respect
to the origin) have the same PSD. This behavior is similar to and expected from the active impedance results. Second, the
active impedance minimas indeed correspond to drops in the radiated power. In addition, the negative active impedance

correlates to induced power from the slot to the feed.

The total radiated PSD is plotted in Fig.4.18. The total power net balance is positive satisfying the energy conservation -
power is solely supplied by the feeds. As a final remark, the array works well below 0.5 fy, but has a significant decrease in

performance above this frequency.
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Figure 4.16: Active impedance of the s-element simultaneously excited array (drops in the resistance are marked with dashed magenta lines);
in (a-b) the resistance and reactance of edge element ¢ = 1, in (c-d) of element ¢ = 2, in (e-f) of center element ¢ = 3, in (g-h) of element g = 4,
and in (i-j) of edge element ¢ = 5.



60 Chapter 4. 1D Connected Array

P [uW/GH?z?|

P; [uW/GH2?|

1
f/fo
(d)

p
f/fol]
(¢)

Figure 4.17: Power spectral density of the s-element simultaneously excited array (drops in the power are marked with dashed magenta lines);
in (a) at edge element ¢ = 1, in (b) at element ¢ = 2, in (c) at center element ¢ = 3, in (d) at element ¢ = 4, and in (¢) at edge element ¢ = 5.

P [uW/GH?z?

o

o

0 0.5 1.5 2

4
I/ fo )

Figure 4.18: Total power spectral density of the s-element simultaneously excited array.
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Conclusion

To design a more dispersive and efficient photo-conductive antennas (PCAs), an equivalent circuit tool is required. In the
past, a frequency-domain circuit was proposed, but it does not represent well the PCA behavior over the whole spectrum.
This inability arises from the non-linear differential equation governing the current’s time evolution. Time-domain circuits
were also proposed, but they required a posteriori parameter calibration making them unsuitable for use during design.
Fortunately, a new time-domain Norton equivalent circuit that does not require parameter calibration was proposed
recently. Needless to say, the circuit requires knowledge of the antenna impedance impulse response. Unfortunately,
there is no time-domain analytical expression for the impulse response of the studied antenna structures - the infinite
leaky-wave (LW) slot and 1D connected array. Consequently, spectral analysis is used determine the antenna impedance in
the frequency-domain. The impedance impulse response is then recovered with the inverse Fourier transform (IFT). The
time-domain response is used in a time-step algorithm to evaluate the voltage and current across the photo-conductive
feed. This algorithm is derived through numerical methods, more specifically by representing the voltage and current as
sum of rectangular basis functions. Although this time-step procedure was proposed previously, its properties were never

studied. Moreover, the algorithm was never used in the analysis of the infinite LW slot and 1D connected array.

The thesis provides a derivation of a time-step algorithm using directly the antenna impedance impulse response. This
algorithm showed poor performance. The performance issue is proved to caused by the Gibbs oscillations arising from
the frequency-domain impedance discontinuity at the narrow-slot approximation limit. The performance is significantly
improved by using a weight function to decrease these discontinuities. A brief study showed that the best performing
weight function is the one proposed in previous work - squared antenna admittance. Moreover, detailed characterization
of the weight time-step algorithm is conducted. In fact, during the span of this work, an additional numerical error in the
algorithm’s outputs was discovered. The observed error is smaller in antennas with smaller feeds. Its source is identified as
the DC singularity in the antenna admittance. Error minimization is achieved by truncating the weight function from
DC to a minimum evaluated frequency. Increasing the minimum frequency decreases the voltage and power error. On
the other hand, the energy error is decreased until a certain point. After this point, the time-domain impulse responses
are altered significantly re-introducing error. Unfortunately, analytical expression for the minimum frequency is not
derived due to the non-linearities. Next, the error analysis is extended to 1D connected arrays, in which the self and
mutual-impedance are multiplied with the same weight function. Unfortunately, the spectral content distribution of the
mutual impedance limits the error minimization. In other words, the numerical error cannot be sufficiently minimized in

large arrays.

As a next step, a comprehensive analysis of the infinite LW slot is performed. At its start, a novel time-domain energy
balance equation is derived using a switched capacitor formalism for the photo-conductive feed. This new equation
is verified by comparing the far-field and time-domain energy. Further, a comparison between the fully dispersive
approximation and the newly enabled dispersive analysis is conducted. The comparison shows that the dispersive
approximation overestimates the radiated power at low frequencies and in the spectrum’s tail. Next, procedures to
evaluate the magnetic currents and far-fields in frequency and time-domain are discussed. Using these procedures, the
radiated energy, efficiency, and bandwidth of the PCA are characterized with respect to the absorbed optical power, bias
voltage, laser’s full width at half maximum (FWHM), and recombination time. The results show that the optical power

should be chosen at the saturation point and bias close to the photo-conductor’s breakdown voltage to maximize the
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radiated power and antenna efficiency. Additionally, higher recombination times move the power to lower frequencies.
For FWHM much shorter than the recombination time, increasing the FWHM only reduces the power in the spectrum’s

tail due to increasing internal to antenna load mismatch.

To complete the overall study, the 1D photo-conductive connected array (PCCA) is analyzed. Initially, the energy balance
equation is extended to multiple feeds and verified as before. During this verification, it is shown that the radiated energy
relation to the optical power and bias is the same as in the infinite LW slot. However, as expected, more power is radiated
due to the higher number of feeds. This radiated power might not equal the number of feeds multiplied by the power of
a single feed infinite slot due to mutual coupling. Therefore, the mutual coupling is investigated to provide improve the
PCCA design. With this point in mind, closely spaced elements have high mutual coupling increasing the dissipated
power and reducing efficiency. In addition, successively excited elements also have high mutual coupling. The embedded
impedance confirms the previous mutual coupling observations. Next, the far-fields of simultaneously excited arrays
show mostly a dominant space wave (SW) with a less dominant LW mode below the grating lobe frequency. However,
for small arrays, at low frequencies the dominant mode is the LW due to the short edge-to-edge element distance in terms
of the wavelength. Additionally, the LW beam reinforcing behavior of progressively excited arrays is verified. Finally,
the active impedance and power spectral density are studied. The results show good performance below half cut-off

frequency, but significantly reduced performance above.

All things considered, if more optical power is available than needed to saturate a single feed, the laser excitation should be
divided to multiple feeds. Exciting the photo-conductor at the saturation point provides the best efficiency with respect to
used optical power. Moreover, a bias voltage near the photo-conductor’s breakdown voltage maximizes the radiated power.
The cut-off frequency’s half point should be chosen slightly above the required bandwidth. Ultimately, decreasing the
element spacing increases the cut-off frequency, however, it also increases the mutual coupling and associated dissipation
losses - a trade-off that should be considered. Larger recombination time increases the radiated power, but greatly reduces
the bandwidth. The FWHM should be chosen as short as possible to improve the matching at the spectrum’s tail. On the

other hand, the spectrum’s main part is not influence by the FWHM, if it is much shorter than the recombination time.

5.1. Future Work

The discovered numerical error is a significant limitation to the algorithm’s performance and PCA analysis. Although the
proposed error minimization procedure works well for the infinite LW slot, it is impeded by the mutual impedance in the

PCCA analysis. Therefore, useful future research points concern improving the algorithm’s performance, and include:

* detailed investigation on more weight functions. The brief study provided in this thesis investigates functions that
do not alter the impedance phase, i.e. purely real functions. However, the squared admittance does contribute to a
phase change, and overall works well. Consequently, it is worth investigating the performance of not purely real

weights.

* investigation on different weights for the self and mutual impedance. The spectral content distribution of the
mutual impedance limits the algorithm’s performance when the same weight is used. Thus, itis useful to investigate

the feasibility and performance of an algorithm with different self and mutual weights.

* separating large feeds to smaller components. The error significantly decreases in feeds with smaller length.
Although it might be undesirable to use smaller feeds in the design, this advantage can still be used in the design
phase. Hence, it is beneficial to investigate the feasibility and performance when a large feed is described as the

superposition of many smaller feeds next to each other.

* simulating the impedance using a full-wave simulator. The used analytical expression is limited to the maximum

frequency at which the quasi-TEM mode is dominant. Using a full-wave simulator, the contributions of all modes
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are considered. Although it is unfeasible to simulate the impedance over all frequencies, it might be simulated until
the Nyquist frequency. In this case, it is expected that there will be no discontinuity. Yet, it must be mentioned

that the higher frequencies folded onto the spectrum will not be included.

* deriving analytical expression for higher order modes. Similarly, the impedance at higher frequencies can also be

estimated by deriving an analytical solution for the higher order modes.

* analytical expression for the antenna impulse response. The strength of the algorithm comes from a good knowledge
of the time-domain antenna impulse response. Consequently, it is useful to derive a time-domain analytical solution

for the response.
A detailed analysis of the photo-conductive infinite slot is provided. However, this study can be complemented by:

* extending the analysis to air cavity enhanced structures. In reality, PCAs are enhanced through a LW air cavity.

Thus, it is useful to expand the analysis to include these structures.

* extending the analysis to a PCA with a lens. Similarly as the air cavity, PCAs are used with lenses to improve the

directivity. Hence, it is also useful to expand the analysis to include a lens.

* comparing the analysis results to measurements. To verify the validity and performance of this analysis with respect

to the constant impedance approximation, the estimated radiated power should be compared to measurements.

For 1D connected arrays, studies on the radiated power, mutual coupling, far-fields, and array performance are performed.

This analysis can be further extended by:

* including air cavity and lens. Similarly to the infinite LW slot, PCCAs are enhanced using air cavity and lens. Thus,

it is useful to characterize arrays with these structures.

* comparing it to measurements. The results should be compared to measurements, in order to verify the accuracy

of the established analysis.

* investigation on the recombination time’s influence on the mutual coupling. Longer recombination times should
results in higher mutual coupling due to the longer time-domain current response. Therefore, it is beneficial to

investigate its influence on the mutual coupling.

* considering 2D structures. As a groundwork, 1D array is studied. However, in reality, PCCAs are designed as 2D

structures. Hence, the analysis should be expanded to 2D arrays.






Chapter A.

Discretized FT, IFT, & Convolution

A general Fourier transform (FT) pair discretized with rectangular basis functions in both domains is defined as

x(t) = i T recta, (t —tn), (A.1a)
X(f)=Y_ Xerecta,(f — fr)- (A.1b)
k=—oc0

A.1. Fourier Transform

Substituting the time-domain representation in the Fourier transform gives

X(f)= / z(t)e 72 tdt = / Z Ty recta, (t — t,)e 72 tdt, (A2)
The n-th basis function is constant and bounded to t,, — A¢/2 <t < t,, + A/2, thus

NUEDS o [

n=—oo tn_At/Q

tatA/2 o0 ,
eI It gt = Z zpe It A (A3)

n=—oo

Both domains are discretized, and hence are periodic - the opposite domain is periodic due to Poisson summation. That is
to say, the frequency-domain is periodic because the function is discrete in time, and vice versa. Therefore, both domains

have periodicity of N-samples (the domains have equal number of samples), as such
N—1

X =4y Z zpe )2 Ikt (A.4)

n=—0
The frequency and time samples are fi, = k/NA; and t,, = to + nA, respectively, therefore

N-1 N-1
k

—j52 : A —j —jork
X = A, E Tpe J2m w7 (to+nde) _ Ase 727 fito Z T JQﬂ'N’fL7 (As)

n=-—0 n=-—0

where the discrete Fourier transform is recognized
X, = Ae 72kt DET{ 2}, (A.6)
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A.2. Inverse Fourier Transform

Substituting the frequency-domain representation in the inverse Fourier transform gives

oo

x(t) = /_OO X(fye*Itdf Z/_ > Xirecta, (f — fr)e/* ' df. (A7)

© k=—00

Again, the k-th basis function is constant and bounded to fi, — Ay/2 < f < fi, + Ay/2

a(t)= > Xk / eI df = N Xy el IRA (A.8)

k=—o0 fr—Rg/2 k=—o0

fet+Ag/2

Considering the periodicity of both domains, the inverse Fourier transform is represented as
N-1
T, = Ay E X et fitn, (A.9)

k=—-0

The frequency and time samples are fr, = k/NA; and t,, = to + nA, respectively, therefore

N-1 N—-1
: k ; iox k.
Ty = Ay E Xl wa totnde) Ay E Xpel?mfetogi2mym, (A.10)
k=—0 k=—0

The frequency-step is Ay = 1/N Ay, consequently

N-1
1 . . 1 ;
T = NA; 3 Xpel2rfrtoei2myn — x IDFT{Xel?frto}, (A.x)
k=—-0

where the inverse discrete Fourier transform is recognized.

A.3. Convolution

Substituting the time-domain representation in the continuous time convolution

oo o0

(w*ft)(t):/oo x(t’)h(t—t’)dt’:/

—00

xprecta, (B —tp)h(t —t")dt’ (A12)

—00 g _

Similarly to before, the n-th basis function is constant and bounded to ¢, — A;/2 < ¢ < ¢, + A;/2, while the

convolution is evaluated at time t = ¢,,,

Therefore, the discrete-time convolution is

(.’17 * h)(tm) = At Z xnhmfn- (A.I4)

n=—oo



Chapter B.

Derivations of Time-Step Algorithms

The update rule for the antenna load current’s time evolution is the same for every algorithm. As such, it is useful to

derive it first. The time evolution is

2, A w ¢ 1t =7ey2 t—t'/ t t—t/
it) = A&M/ P G R / Vgap(t)e ™ 7 dt'dt” (B.1)
—o00 t’

Me Wg ’

as a response to an optical excitation at time 7. The parameter A is the distribution amplitude of the electron density

(released electrons number) in a unit of volume during one laser pulse

Pyt T 1
A = Opt (B‘Z)
hfc \/ 27T0't2 Agapu)s'wz
with a unit of 1/m?>s. The time-discretized current is
2 A - trn — Te 2 n—tm - n—tm
i = Ade Dotz A2 3 o B(mnTe)? —tushs Vgap (@€ T (B3)
Me  Ws
m=N; q=m
in which the double sum property
n n - - n
IRED SIS SET oIRTH o ®
m=N; g=m m=N,; q=m m=N;

is applied. Therefore, after performing trivial algebraic steps, the current can be written in terms of the previous time

index current as
Ay A

iy =€ Trece@ Ts ip_1 + Vgap, (n)A Gpcm (n)» (BS)

where the property t, = t,_1 + Ay is used, and Gpem,(n) is the conductance at time £, of the photo-conductive

material

2 A - tm e b —tm
Gpom,(ny = Ae- Dol N, 3™ (73 o= (B.6)

m w
€ S m:Ni
Writing the gap voltage in terms of the bias and transient voltages results in the update rule for the current across the
photo-conductive feed

At A¢

lp =€ Trec€ Tsip_1+ (% - Un)AtGpcm,(n)- (B7)
For the first non-zero index, the update rule is
iNi = (V}, — UN,)AtGpcm,(Ni)- (B.S)
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B.1. Fully Dispersive Time-Step Algorithm

For a fully dispersive antenna, the voltage current relation is

v(t) = /OO i(t" ) Rantd(t — t')dt' = Ransi(t), (B.9)

— 00

For a discretized domain this relation is represented as

Un = Rantin- (B.IO)
Substituting Eq.B.7 gives
_ Ay A .
Uy =€ Trece T Rangln_1 + %RantAtGpcm,(n) - vnRantAtGpcm,(n)' (B-H)
Therefore, the voltage update rule is
Ay Ay

e Trece s Up_q1 + At%Gpcm,(n)
1/Rams + AtGchm,(n) .

(B.r2)

Un =

The initial conditions are

o At%GpCm,(Ni)
1/Rant + At(;pan,(N,;) )

UN;

B.2. Impedance Time-Step Algorithm

The time-domain voltage is given by the convolution of the antenna impedance impulse response and current

v(t) = (Zant ¥ 1)(t) = / - i(t) zane (t — t))dt'. (B.14)

— 00

Therefore the discretized-time relation is

oo

Un = At Z imzant,(n—m)a (BIS)

m=—0oo

where n denotes the sample at time step ¢,,. Since the antenna is a causal system, and assuming the current is negligible
before time step ¢y,
Rant,(n<0) = 0 Q/sv (B.16a)

in<n; =0 A. (B.16b)
Applying these properties, simplifies the convolution to
n—1

A Z Zant,(nfm)im = At'zant,(O)Z‘n + Ay Z zant,(nfm)im- (B'I7)
m=N; m=N;
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Finally, substituting Eq.B.7 in Eq.B.17 gives

_ By _ B¢ . 2 = .
Up =€ Trec€ 7s AtZa’rLt,(O)Zn—l + (% - Un)Af, Zant,(0) Gpcm,(n) + At Z Zant,(n—m)tm- (B'IS)
m:Ni

After performing trivial algebraic steps, the voltage update rule is derived as

Ap _A¢ .
- e Trece s AtZam‘,,(O)anl + %A%Zant,(O)Gpcm,(n) + AC, (B 19)
" L+ Afzant, (0)Gpem, (n) ’ '
where .
Cn = Z Zant,(n—m)im (B'ZO)
m:Ni

describes the memory effects of the antenna. For the first non-zero index, the update rule is

VAQ an G cm i
oy = 2 tQZ £(0) Tpem,(Ny) (B.21)
1+ At Zant,(O)Gpcmy(Ni)

B.3. Admittance Time-Step Algorithm

The time-domain current is given by the convolution of the antenna admittance impulse response and voltage

Z(t) = (yant * U) (t) = / U(t/)yant (t - t/)dt,- (B‘Zz)
Therefore the discretized-time relation is
Iy = At Z UmYant,(n—m)- (B'2’3)

Applying causality and zero initial conditions, the current becomes

n n—1
Iy = At Z UmYant,(n—m) = Atyant,(o)vn =+ At Z UmYant,(n—m)- (B'2‘4)
m:Ni m:Ni
Substituting Eq.B.7, the relation is then
n—1
R
€ Trece Tsip_] + (‘/b - Un)AtGpcm,(n) = Atyant,(O)Un + At Z UmYant,(n—m)- (B'ZS)
m=N;

By rearranging this equation, the update rule is derived as

A

Ay
e Trece Ts bp_1 + At‘/bCTV;ocm,(n) - AC,
Atyamf,(O) =+ AtGPCW’(”)

Vp = , (B.26)

with a first non-zero index
Vi
UN,

P yant,(O)/Gpcm7(N'i) +1 .
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B.4. Weight Time-Step Algorithm

The voltage-current relation for an algorithm with weight function is given by
(wxv)(t) = (hx1)(t). (B.28)

When time-discretized, and with applied causality and zero initial conditions, the relation becomes

n—1 n—1
Agwouy, + Ay Z Wp—mUm = A¢hoin + Ay Z P—mim. (B'29)
Rearranging the equation gives
WoUn = hOZn + Cn7 (B'3O)
where
n—1
Cn = Z (hnfmim - wnfmvm) (B.}I)
m=N,;

describes the memory effects. Substituting Eq.B.7 in Eq.B.30 gives

A

¢ At
WoUyn = hOeimei'ﬁin—l + AthO‘/bC:pmn}(n) - AthOU’n(;pcvﬂ,(n) + Cn (B'32)

Therefore, the update rule is

At At

€ Tree 6_75h0in—1 + Ath’O‘/bG(pcm,,(n) + CTL
wo + AthOGpcm,(n)

Un =

; (B.33)

with a firt non-zero index AheViC
N, = t"oVbLpem,(N;) . (B.34)
wo + AthOc;'pcm,(Ni)

B.5. Weight Algorithm for Connected Array

Extending the weight time-step algorithm to multiple feeds is taxing but trivial. The main consideration is that the relation
is a matrix equation describing the interactions between the feeds. The memory effects should take these interaction into

account, thus at feed g, they are described by

n—1 Q
Cotmy = D (~Wn—mVg,m) + Y hgp,(n—m)ip,(m))- (B33)
m=N; p=1
It can be shown that the update rule is a matrix equation
Ay Ay .
Up = (wO + AthOGpmn,(n))_l(e_ Trec € Ts h’Oznfl + Aiiho(;pcm,(n) Vb + Cn)a (B363)
. _B: _At,
ip=¢ Trece Tsi,_1 + (Vi — ’Un)AtGpcm’(n). (B.36b)

For the first non-zero sample, the update rules are

Uy = (wO + Ati’q’/Oc;’[)cm,(n))7IAthOG”’pcm,(n) Vba (B-373~)



B.5. Weight Algorithm for Connected Array 71

iy = (Vb - vn)AtGpcm,(n)~ (B37b)

The voltage, current, and memory effect ) X 1 vectors contain the respective quantities at sample n

V1,(n) i1,(n) Ci,m)

vy, = s Ty = , and C, = . (B.38)

| YQ,(n) | 12Q,(n) ]

The bias voltage is constant in time and its ) X 1 vector is

Vi1

V=1 : |. (B.39)

Vb0

The photo-conductive conductance might be different at each feed depending on the excitation time, and its @ x @

matrix at sample n is diagonal (the conductance is feed specific)

Gy O 0 |
2
0 Gpcm,(n) 0
Gpem,(n) = . , , : (B.40)
Q
|0 0 .. Gpcm,(n)_
The placeholder function matrixisa ¢ x () Toeplitz
hi1,tny  Pazmy - h1q,(n)
ha1,(ny  hozny - haq,(n)
h, = (B°4I)
Lormy by - ho, )

Only the placeholder matrix at the first index 7 = 0 is required for the algorithm. Finally, in an algorithm using the same

weight for the self and mutual impedance, the weight matrix is
wy, = w1, (B.42)

where I'is Q) x @ identity matrix.






Chapter C.

Study of Weight Functions

The weight functions are chosen purely real and positive, as such, the phase of the placeholder function has the same

phase as the antenna impedance

H = |Zoni|e? %t |[W |10 = | Zps W |74 Zamt | (C)

C.1. Inverse Frequency

The first studied function is the inverse frequency

1
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Figure C.x: Frequency-domain of inverse frequency weight and placeholder function; in (a) real part of placeholder function,
in (b) imaginary part of placeholder function, and in (c) weight function.
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Figure C.2: Time-domain impulse responses (using inverse frequency); in (a) placeholder, in (b) weight.
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Figure C.4: Voltage error (using inverse frequency); in (a) voltage magnitude comparison, in (b) phase comparison,

in (c) the voltage magnitude error, and in (d) phase error.
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Figure C.s: Power error (using inverse frequency); in (a) active power spectral density comparison, in (b) the error.

C.2. Triangular

The second investigated function is the triangular

f

W = max(l — ——,0),

max

with fp,q2 equal to the maximum frequency at which the quasi-TEM mode is dominant.
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Figure C.6: Frequency-domain of triangular weight and placeholder function; in (a) real part of placeholder function,
in (b) imaginary part of placeholder function, and in (c) weight function.
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Figure C.9: Voltage error (using triangular function); in (a) voltage magnitude comparison, in (b) phase comparison,
in (c) the voltage magnitude error, and in (d) phase error.
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Figure C.ro: Power error (using triangular function); in (a) active power spectral density comparison, in (b) the error.

C.3. Inverse Exponential

Third, inverse exponential is investigated

W=e, (C.4)
where 10,01
n0.
=—-— (Cs)
f’maw

is chosen such that to multiple the maximum frequency (at which the quasi-TEM mode is dominant) by 0.01.
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Figure C.ix: Frequency-domain of inverse exponential weight and placeholder function; in (a) real part of placeholder function,
n (b) imaginary part of placeholder function, and in (c) weight function.
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Figure C.14: Voltage error (using inverse exponential); in (a) voltage magnitude comparison, in (b) phase comparison,
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Figure C.15: Power error (using inverse exponential); in (a) active power spectral density comparison, in (b) the error.

C.4. Butterworth Filter Envelope

Finally, the performance of a Butterworth filter envelope is studied inverse exponential is investigated
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where the cut-off frequency f. = 1500 G H 2, and the filter order n = 5.
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Figure C.16: Frequency-domain of Butterworth filter envelope weight and placeholder function; in (a) real part of placeholder function,
in (b) imaginary part of placeholder function, and in (c) weight function.
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Figure C.ry: Time-domain impulse responses (using Butterworth filter envelope); in (a) placeholder, in (b) weight.
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Figure C.18: Impedance comparison (using Butterworth filter envelope); in (a) the resistance, in (b) reactance.
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Figure C.19: Voltage error (using Butterworth filter envelope); in (a) voltage magnitude comparison, in (b) phase comparison,
in (c) the voltage magnitude error, and in (d) phase error.



C.4. Butterworth Filter Envelope

P ---P

1500 2000 2500 3000 3500
f(GH:]

(a)

Figure C.20: Power error (using Butterworth filter envelope); in (a) active power spectral density comparison, in (b) the error.
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