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ABSTRACT

This dissertation consists of four parts: design of antenna in lossy media, analysis
of wire antennas using electric field integral equation (EFIE) and wavelets, modeling
and measurement of grounded waveguide coplanar waveguide (GCPW) for automotive
radar, and E-Band 3-D printed antenna and measurement using VNA. In the first part,
the antenna is modeled and simulated in lossy media. First, the vector wave functions
is solved in the fundamental mode. Next the energy flow velocity is plotted to show
near-field energy distribution for both TM and TE in air and seawater environment.
Finally the power relation in seawater is derived to calculate the source dipole moment
and required power.

In the second part, the current distribution on the antenna is derived by solving
EFIE with moment of methods (MoM). Both triangle and Coifman wavelet (Coiflet)
are used as basis and weight functions. Then Input impedance of the antenna is
computed and results are compared with traditional sinusoid current distribution
assumption. Finally the input impedance of designed antenna is computed and
matching network is designed and show resonant at designed frequency.

In the third part, GCPW is modeled and measured in E-band. Laboratory
measurements are conducted in 75 to 84 GHz. The original system is embedded
with error boxes due to misalignment and needed to be de-embedded. Then the
measurement data is processed and the results is compared with raw data.

In the fourth part, the horn antennas and slotted waveguide array antenna (SWA)
are designed for automotive radar in 75GHz to 78GHz. The horn antennas are
fabricated using 3D printing of ABS material, and electro-plating with copper. The

analytic solution and HFSS simulation show good agreement with measurement.
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Chapter 1

DESIGN OF ANTENNA IN LOSSY MEDIUM

1.1 Introduction

Based upon spherical harmonics, L. J. Chu published a historic paper [1] on the
fundamental limits for electrically small antennas, which is known as the Chu-Fano
theorem and it laid the foundation for small antennas in free-space at relatively low
frequencies. Over the past half century, Wheeler, Harrington, Collin, et al. have
extended and elaborated the Chu-Fano criterion [2]-[4]. The physical bounds of gain
and Q-factor of linearly polarized antennas is well studied and presented in [5]. Current
distribution in conducting medium can be approximated by integral equation [6],
[7]. Propagation behavior of electromagnetic (EM) waves in lossy medium have been
studied using Hertzian potential integrals and dispersion relation [8]-[10]. Recently,
commercial and scientific interests have moved upward toward higher frequencies in
microwave, millimeter wave, and optical regions [11]-[16], due to internet and wireless
communication advancement. Nonetheless, low frequency EM signals can penetrate
through conductive medium such as human tissue, seawater, soil, rock, and building
materials. As a result, the study of small dipoles in conducting medium is inspired
by ground penetrating radar, underground water, and biomedical applications, e.g.,
artificial cardiac pacemaker [17].

In 2017, Troy Olsson launched a DARPA project, A MEchanically Based Antenna
(AMEBA), to penetrate RF requirements with an antenna system that has the highest

theoretical efficiency possible, and minimize Ohmic losses which are intrinsic due to



the lossy environment. The targeted RF carrier frequencies are less than 30 kHz, and
the goal is to achieve a low-size, weight, and power (SWaP) man-portable system:
Deliver sufficient magnetic field strength for low data rate communications at relevant
distances, and efficiently modulate the RF carrier at useful data rates. The research
project in this chapter was motivated by the DARPA AMEBA [18|.

First begin with review of vector wave functions and identified that the Hertz dipole
in free-space in a special case of TE10, lowest radiation mode. The Hertzian electric
dipole equations in free-space [19], [20]. Then the model is extended to electrically
lossy medium in both frequency and time domain. Both electric and magnetic dipoles
are studied in air and lossy seawater environment with no passive structure. Numerical
results show that such an extension is valid and accurate for electric dipoles of large
gap dimension and fat wire diameters. For electric small antennas, the reactive power
in near field is dominant and significant to device functionality [21]. In time-domain,
the radial energy flow velocity is calculated at specific time to compare the reactive
energy in air and lossy medium. For EM waves in ELF and VLF bands, the free-space
wavelengths range from tens to thousands of kilometers, resulting in extremely small
|ka|, where k is the wavenumber and a is one half of the dipole length. Our analytical
model reveals that in electrically lossy medium the radiation efficiency for electrically
small antennas is proportional to |ka|® for TM (electric) and |ka| for TE (magnetic)
radiator, making magnetic antennas more efficient than electric ones over two to three
orders of magnitude.

In the chapter, more attention is paid to the magnetic dipole because of its better
performance and rear appearance in the literature. Magnetic current based antennas
(MCA) are less popular than electric counterpartners by far [22]-[26]. The contra-

wound toroidal helix antenna (CTHA) was studied numerically and experimentally at



the VHF band [23], [24]. Studies reported there were for CTHA with air core without
electrets. The CTHA is a low-profile low-directivity surface-mounted antenna with
reasonable efficiency at a height of less than A\/30. It operates at the inductive side of
resonance, so that it can be tuned with a high-efficiency capacitor. McDonald has
published a series MCA papers in tensor forms [25]. The near zone field analyses of
MCA were also reported for physical therapy [27]. Magnetic antennas with dielectric
core or ferromagnetic laminate composite materials are referred to as permeable
antenna [28].

Another option to achieve a low-size, weight, and power (SWaP) man-portable
system is the dipole due to mechanically spinning of an electret or magnet, which is
smaller in size and weight compared to its electromagnetic counterpartners. However,
it requires more power to maintain the rotation and a flywheel is required [29].

Under seawater sensing and communication are dominated by sonar via acoustic
waves because seawater is too lossy for RF signals. However, acoustic signals cannot
communicate with a satellite in space or a radio station in land. If electromagnetic
(EM) waves are used for under seawater, the frequency must be very low, because
skin depth § (measure of penetration of EM waves in conducting medium) is inversely
proportional to 1/ f. This chapter investigates simple, compact, and low-power methods
for generating extremely low-frequency (ULF-VLF) radio signals in 300 Hz to 30 KHz
in lossy medium. The topic of this chapter is motivated by the prohibitively large size
and low efficiency of conventional antennas operating in this frequency range. Studies
of generating electromagnetic waves by mechanically rotating magnets and electrets
are conducted, which has been experimentally implemented in many other papers [30],

31].
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Figure 1. Dipole antenna surrounded by seawater. (a) Configuration of small dipole.
(b) Feko model of TM antenna. (c) Feko model of TE antenna

1.2 Review of Vector Wave Functions

Within any source-free, homogeneous, and isotropic medium, the characteristic

solution to vector wave equation in spherical coordinate is [19]
G = 525 (m) P2 (cos 0) 2o (kr) (1.1)
where time-dependency e/! is suppressed throughout is assumed,
k= epw?® — jouw (1.2)

P (cos ) is associated Legendre polynomials, and z,(kr) is spherical Bessel function

with four possible forms

Jn(kr), standing wave (1.3)
yn(kr), standing wave (1.4)
A"V (kr), incoming wave (1.5)
h? (kr), outgoing wave (1.6)

Use (1.6) for the radiation fields for » > a. In region r < a, use (1.3) since the field

is finite at the origin. Then boundary condition may be used to determine the field.



Next use the scalar function 1, to construct three set of independent vector wave

—

equation solutions L., Mum, Num

LR TIPS WLy

=Ve= or T r 00 * rsinf d¢ (17)
M =V x @y (1.8)
N = %V x M (1.9)
where @ is a constant vector. Next substitute (1.1) to (1.7),
> 0
Fun = 552 mo) Py (cos 0) 52 (k) +
L m) 2 P (cos )z (k)
m a sin
rsind a_¢cos(m¢) (COS Q)Zn(k”l“>¢ (110)

Since the medium is source free, electromagnetic fields E and H can be represented
as linear combination of solenoidal solutions M and N as

n=0 m=—n

n=0 m=—n

To find the independent solutions M and N, let @ = r# then M is tangential to the

sphere surface. After some mathematic derivation

- 1 0 ~ 0 -
= I ) P05 ) k)i
(9
o (m) P2 (cos ), ()3 (L13)



Then

- 1 .
Nnm = -V Mnm
A X

~n(n+1) 1 97 - 1 02
 kr vr+ kr Oroo (r)6 + krsin @ Oro¢
n(n + 1)COS

= (m@) P (cos )z, (kr)i+
1

cos d m 0
Hsin( ¢) agpn (COS 9)8_
0)

cos(M®) P (cos

kr sin 6°°°

(r))

.—|

Zn(kr))6F

[mn(/cr)]qS (1.14)

QJ|QJ

For the fundamental mode, n = 1, m = 0, m,,,, and 7, reduce to

- 1/1 1
My = ~Z ( T 2) sin 06 (1.15)
= 1/1 1 1 N
Nip = — — — —— | sinff—
0k (7’ + jkr? k2r3) S
2 1 1 R
E (W + jk27“3> cos 67 (1.16)

1.3 Electromagnetic fields due to electric- and magnetic- dipoles

This dissertation use the SI unit system, and time convention of /¢ is assumed
and suppressed. Under the lowest mode assumption, the field components of electric

dipole (TM antenna) are |20]

I, 1 1
Hy = dljk; ikt ( + —) sin ¢
r

A7 jkr?
I .. . (1 .
Eg J (; —|— W — W) Slne (117)
I dl ke
E, = Jk J (Jkr2 — W) cos 6
where dl is dipole length, or di = 2a. The equations ware derived for lossless

environment; wavenumber k = w, /€ is real, wave impedance n = \/u/e, I, is electric

current.



By duality, for magnetic dipole (TE antenna):

1,,dl : 1 1
E,=—""Fke 3 [ Z 4+ _——_)sin#
¢ s © (7“ + jk:?"Q) St

117,,dl - 1 1 1
Hy=—-"—ke ™ [ -4+ — — —— |sinf 1.18
T A ‘ (r * jkr? k27’3> S (1.18)

11,dl . . 2 2
H. = " peikr [ =2 2
" on 4r e (jkr2 k2r3) cos

where I, is magnetic current. As shown in Fig. 1 (a), the antenna is inside air-filled
sphere of radius a = 0.3 m and surrounded by seawater and operating at f = 1000
Hz. The parameters of a = 0.3 m, f = 1 kHz will be assumed through out the entire
chapter.

Extend (1.17) and (1.18) to more general cases below: (a) Air or free-space with

k = ko, (b) Lossy medium with complex permittivity, and (c¢) Seawater (highly lossy).
1.3.1 In air environment (Lossless)

In equations (1.17) and (1.18), use k = ko = w/c = 2.094 x 10~°m~!, wavelength
A= X = c¢/f = 3 x 10°m, wave impedance 1y = 377€2. The magnitude ratio of
the normalized E- to H-field as a function of normalized distance 7/ is plotted in
Fig. 2 (a). The far-zone field components are those proportional to the 1/r term in
Eq. (1.17) and (1.18). It is seen that the far-zone can be considered when distance
r > 1.0A. It is obvious that in the far-zone |E/H|py = |E/H|tg = no = 37742,
free-space intrinsic impedance, which is the asymptotic value as r — oo. On the
contrary, the two ratios in the near zone have opposite trends when distance shrinks
toward zero, as seen in Fig. 2 (a). When distance r — 0, impedance curve grows
rapidly for electric dipole, while the other curve fast decreases for magnetic dipole.

Fig. 2 (a) is identical to the plot in [25] which was derived in the Gaussian CGS units.
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Figure 2. Normalized impedance versus distance for E-dipole and H-dipole in: (a) air
and (b) seawater



1.3.2 Lossy Medium (Complex permittivity)

In a lossy medium of relative permittivity ¢, and conductivity o, the complex
permittivity € = ¢, = ¢ <5r — ji> = ¢ — jo/w, complex wavenumber k = w, /&,

weQ

complex propagation constant v := « + jf = jk, and complex wave impedance
ne = mow(B + ja) /(|k[*c).

Using complex valued k = 5 —ja and = 7, in (1.17) and (1.18), the average power
outflows, passing a fictitious sphere of radius r for the electric and magnetic-dipole,

are respectively

1 L
Stm () :iRej{E x H* - 1ids

1 2 MW o
—— (Ldl)? Y o 2ar
1o Ledl)” = e Bx
20 1 3% — 3a? 2

1 — 1.19

i e )
Se(r) = (Ldilk])? =278 1+ 2% (1.20)
TRV o M Tow |k |?r '

The detail of above derivation is presented in Appendix A.

1.3.3 In seawater environment (Highly Lossy, o > weoe,)

For highly lossy seawater, conductivity o = 4 S/m and relative permittivity e, = 80.

4 ) =0 (80 —j7.19 x 107),

Thus, complex permittivity, €. = &g (80 — )10 8 S 0=T2

complex wavenumber k = %\/8() —j7.19 x 107 =~ 0.1256(1 — j) = B — ja, showing
a =  ~ 0.1256 m~!. The skin depth, § = 1/a = 7.96m ~ 8m, wavelength,
A = 27/8 = 50.0341lm = 50m at frequency f = 1 kHz, complex propagation
constant v = jk = 0.1256(1 + j)m™', and 7. = \/po/e. ~ 0.0314(1 + j)Q. The



magnitude ratio of the E-field to H-field is plotted in Fig. 2 (b), where the far-zone
field components are those proportional to the 1/r terms in (1.17) and (1.18). It
is obvious that far-zone can be considered when distance r > 1.0\. In the far-zone
\E/H |y = |E/H|pg = 0| = 0.0444€Q, independent of . On the contrary, as r — 0,
the two ratios in the near field zone have opposite trends, as seen in Fig. 2 (b).
Contrary to Fig. 2 (a), the two impedance curves are monotonically varying with

distance in lossy environment.

1.3.4 Numerical Verification

Using commercial software, Feko, to conduct the simulation. A small E-dipole is
centered in a hollow sphere of » = 0.3m, which is submerged in a seawater sphere of
outer radius R = 400m. Seawater conductivity ¢ = 4S/m and relative permittivity
g, = 80, rendering v = jk = 0.1256(1 + j)m™', a = 8 ~ 0.1256m~!. Depicted in
Fig. 1 (b) is a TM antenna with conducting rod of radius p = 0.02m, length ¢ = 0.2m
for each arm, and gap ¢ = 0.1m in the middle for source excitation. This fat dipole
with large gap is deliberately exaggerated to test the validity of analytic model of Egs.
(1.17) and (1.18) in lossy environment. Figure 1 (c) illustrates the Feko model of a
TE antenna with loop radius 0.1m, wire radius 0.lmm. Again, the TE antenna is
contained in an air-filled sphere of r = 0.3m, which is submerged in seawater. The
Feko evaluated total E-field and H-field at various distances from the antenna are

compared with analytic solutions in Fig. 3 and excellent agreement is observed. The

L2 errors are 0.31% for TM and 0.12% for TE.

10
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Figure 3. Comparison of E- and H-field between analytic solution with simulation
results for TM and TE dipole antennas

1.4  Energy Flow Velocity in Time Domain

The main purpose of the underwater antenna is to conduct short-range commu-
nication, and EFV is an important quantity in studying the reactive energy in the
near-field of an antenna [21]. This section will study antenna’s EFV in both free space
and lossy seawater.

The electromagnetic energy flow velocity is, v = S/w, where S = E x H is the

Poynting vector and w = 3¢|E|* + u|H|? is the stored electromagnetic energy.

11



1.4.1 Lossless Medium

The time-domain electromagnetic fields of TM antenna in free space can be found

in [32]

Byt r,0) = 1% [lii (1-5) + 1, (-0)+

 dar | cdt c r c
c [t r :
2 i (T — E> d7':| sin 0 (1.21)
Bt r,0) = 19 ‘(t—f)+9/t ( —f)d 9 (1.22)
bt 0) =55 | . . _Ooz 7= )dr]cos :
dl [1d r 1 r
S e N R I N (A | S 1.2
Hy(t,r,0) - [cdtZ (t c> + ~ (t c)} sin 6 (1.23)

Similarly, for TE case

Hy(t,r,0) =~ {1i'(t—5> v (t—f>+

T]E Edtz c r c
c [t r .
2 _OOZ<T—E> dT‘| sin 0 (1.24)
1d . e [t r
H,.(t,r,0) = omr? {z (t— E) + ;/_Ooz (7’— E) dT:| cos 6 (1.25)
Byt 0) = - lii(t—f)Jrlz‘(t—f) sin 6 (1.26)
OO e | cdt c r c ‘

By using time dependent current source, i(t) = i sin (wot)u(t), where u(t) is the
unit step function which is turned on at ¢ = 0.

In free space (or lossless medium), the time-domain normalized radial EFV within
one wavelength is shown in Fig. 4 (a) and (b) for TE and TM respectively. Our TM
result of Fig. 4 (a) repeated the pattern in [32]. EFV is highly related to radiation
efficiency. For TE antenna in lossless medium, Fig. 4 (b), its EFV is identical to TM
EFV because both of them has efficiency of 100%. And both patterns are showing as

orange lobes. When displaying the process in real time video, the patterns behave

12



like creation of soap bubbles: detaching from the dipole body and growing along the

radius direction.

Z-axis Electircal distance (\)
o
o

Z-axis Electircal distance (A)
o

L I I — i L L . - . . . I i L . .
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1 -1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
X/Y-axis Electircal distance (\) X/Y-axis Electircal distance (\)

(a) (b)

Figure 4. Normalized radial energy flow velocity (v,/c) at t = 275 in lossless medium.
(a) TM antenna. (b) TE antenna.

1.4.2 Lossy Medium

In a lossy medium, e.g., seawater, substitute complex permittivity into equations
(1.21)-(1.23) and (1.24)-(1.26). assume the conductivity o = 4 S/m and relative
permittivity €, = 80, wavelength becomes A = 50.0341m, speed of light cyater ~

50km/s. The results are shown in Fig. 5.

On the contrary, Fig. 5 (a) and (b) illustrate the EFVs for TE and TM dipoles in
highly lossy seawater. They clearly demonstrate that the radial EFV of TE dipole is
mainly in the radiation mode (showing as orange lobes), while TM dipole is essentially

in cavity mode (showing as onion layers). Time-domain quantities are highly intriguing,

13



TM antenna

Z-axis Electircal distance (\)
o
Z-axis Electircal distance (\)

-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1 %10 -1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
X/Y-axis Electircal distance (\) X/Y-axis Electircal distance ())

(a) (b)

Figure 5. Normalized radial energy flow velocity (v,./c) at t = 2T} in lossy medium.
(a) TM antenna. (b) TE antenna.

and here it shows why radiation efficiency for TE is much better than TM from a
qualitative and intuitive point of view. The super radiation efficiency of the TE over
TM in a lossy medium is revealed by EFV pattern in time-domain. Figure 5 (b) of
TE dipole in lossy medium indicates that radiation EFV pattern is like orange lobes,
while Fig. 5 (a) of TM dipole pattern looks like onion layers. When displaying the
process in real time video, Fig. 5 (b) behaves like creation of soap bubbles, similar to
Fig. 4. In contrast, the corresponding time domain video of Fig. 5 (a) shows standing

wave pattern of concentric face-to-face hemi-balloons.

1.5 Power Relation in Seawater

Low frequency propagation of EM wave in conducting medium plays an important

role in low data rate communication under seawater. In highly lossy seawater, source

generated power is mostly dissipated in near-zone region for electrically small antennas
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Table 1. Numerical values at » = 0.3m, near-zone

2a 1 B2 —3a? 20
k|27 k|22 k]2 |k[*r3

26.5439 || 352.2895 || -352.2887 || 9.3511e+3

of ¢ < \. This section will derive a closed form expression of Ohmic loss in a lossy
sphere, and use it to study radiation efficiency of small electric and magnetic dipoles.

The power outflow consists of radiated power and Ohmic losses. Setting o =
0 = B = k, the general power equations of (1.19) and (1.20) reduce to lossless case;
Meanwhile, both square brackets in (1.19) and (1.20) reduce to unity, meaning the
net power flow is the radiated power. Therefore, term 1 in the brackets of (1.19) and
(1.20) is the radiated power, while other higher-order terms represent power loss due
to the evanescent fields.

For high lossy medium, e.g., seawater, |k| = v2a = /2, which reduces the

general power of Eq. (1.19) and (1.20) into

1 9 Mow

o —2ar
St = g5 () Zo=e 7"
2 2 2
1+ V2 + + V2 (1.27)
\klr  |k2r2 k33
1 9 C _9 \/i
= — (I, dlk|)" —e™"p3 [1 4+ — 1.2

In the near zone, the last terms in (1.19) and (1.27) are dominating, implying the
Ohmic loss is proportional to the |ka|™ for electric dipole. Likewise, the last terms
in (1.20) and (1.28) are dominating, implying the Ohmic loss is proportional to the

|ka|™! for magnetic dipole antenna.

To provide a first hand intuition, calculated the numerical values of high-order terms

in Egs. (1.19) and (1.20), at 0.3m (near zone) and at 100m (far zone), respectively.
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Table 2. Numerical values at » = 100m, far-zone

2a 1 B2 —3a2 20
|k[2r |k[2r2 |k[*r2 K[43

0.0796 || 0.0032 || -0.0032 || 0.0252

In reference to the radiation term of unity, Table 1 and 2 listed numerical values of

the high-order terms at 0.3m (near zone) and at 100m (far zone), respectively.
1.5.1 Exact analytic Ohmic loss in closed form and spherical lossy shell

It is well-known that in an open lossless medium, the Sommerfeld radiation

boundary condition must be enforced [33|, namely

limrﬁw(w — jku(r,0,0)) =0 (1.29)

where u(r, 6, ¢) can be any component of E- or H-field. Physically, Eq. (1.29) forces
the far zone field to decay in the rate of 4—71W, which is due to energy splitting along
spherical surfaces.

In a homogeneous lossy medium, however, there is an additional decay factor of
e 2" in (1.19) and (1.20) (and (1.27) and (1.28)), representing power loss owing to
thermal dissipation. Comparing to lossless, decay in lossy environment will be more
severely and rapidly. To quantitatively describe radiation efficiency of a dipole in a
homogenous lossy medium, spherical lossy shell (SLS) is introduced. In [17] an SLS
was defined, whose interior radius r» = a is source border and exterior radius r = b
was evaluated approximately such that 90% power has been dissipated. Nevertheless,
this definition introduced a 10% uncertainty into a deterministic antenna problem.
For the entire Ohmic loss to be considered by modifing the percentage into 100%, a

closed form expression is derived in the following.
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First the total power loss in the SLS from r» = a to r = b is defined as

g b —
Ploss(b) := 5/ | Eyot|2dv (1.30)

Employing Poynting theorem, the divergence of Poynting vector can be re-written

<
™
X
51
Il
A
X
=
T

—(VxH)-E (1.31)

L OB .
.~ - - 8D B
Then
V- (E x H) = —jwpo|H|? + jwe'|E]> — o|E|? (1.34)

Integrate both sides and make use of divergence theorem

—jw/,uo|ﬁ|2 — ¢'|E)dv (1.35)

Since the time-average power Poynting vector is half of its real part, the second volume

integral above is pure imaginary and will disappear

1 Lo ,
Savg = §Re7{(E x H*) - ds = —% / | E|2dv (1.36)

The above equation states that the total electromagnetic power though a close
surface equal to the total Ohmic power loss. If 0V, and 0V; are spheres surface

centered at the origin with arbitrary radius rg and rq, respectively, and ry < r1, the

17



total energy flow in closed region bounded by 0V and 0V is

1 " = b = 1 — —
§Re7{ ExH*-ds:§Re{% E x H* - 7ds

T0

=ri

—]f E x H*. fds}
r=rQ

=— 9/ |E|2dv (1.37)
2 /.
o [ =
= Piot(r1) — Piot(r0) = —5/ |E|*dv (1.38)

0

Therefore the SLS Ohmic loss is equal to the difference of power flow at its interior

and exterior borders, namely,
o b =
Pul) = 2 / | BuouPdv = Slyee — S, (1.39)

where S(r) for TM and TE were given in (1.19) and (1.20); no more integrations are
needed when evaluating the power loss in an SLS, which removed math difficulty and
preserved pin-point accuracy up to 4th decimal point. Consequently, the entire Ohmic
loss is considered by modified the percentage into 100%.

Numerical data strongly support our derivations and is quoted below. Using

numerical and integration by parts, the total Ohmic losses are

o 2
PTM,IOO% = %/ ‘Etot dv = 02458(16(1[)2 (140)

2
dv = 0.3401(1,,,dl)* (1.41)

o [T~
PTE,lOO% = 5/ ’Etot
Comparing to Poynting power (1.19) and (1.20) to the Ohmic losses (1.40) and (1.41)

Stm(r = a) = 0.2458(1.dl)? (1.42)

Ste(r = a) = 0.3401(1,,dl)? (1.43)

18



one cal see

Pryoon = Stv(a) (1.44)

Prg100% = Ste(a) (1.45)

1.5.2 Antenna radiation efficiency

Radiation efficiency of an antenna is defined as the ratio of radiated power to total

source power (sum of radiated and ohmic power), namely

Paa(b) 1
L (b) = = 1.46
i (b) Prada(b) + Poss(b) 1+ f;—gg; (1.46)

where Pioss(b) is power loss in the SLS of r = b defined in (1.39), and P,,q(b) is radiated
power passing sphere of r = b which is the 1st term of (1.19) or (1.20), (or (1.27) and
(1.28)). Notice that 7,(b) depends on the field point, i.e., radius of the exterior border
of the SLS. As radiation is concerned, b is in the far-zone. From Figs. 2 (a) and 2 (b),
b> A\

Before evaluating 7,(b), let us consider the power ratio in (1.46). For a highly lossy

medium, the TM case,

Poat (0) _ Stu(a) — S (b)
Praa(b) Stm(b)

2 2 2
:62a(b—a) 1+ \/_ + + \/_ o
|kla  |k|?2a?  |K|2a3

V2 2 V2
1 1.47
( F el e (.47
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Similarly, for TE case

Piose(b) _ Str(a) — StE(b)
Praa(b) Str(b)

gt @ﬁ) . (Hﬁ) (119

Let a = 0.3m and b = 100m, the ratios above can be approximated by its dominant

term, yielding

~ 1
Poald) C kP@
P13£<b> %62a(b—a) \/_ > 1
Prad(b) |k|a
Finally estimate (1.46) as
1 “sa(—a) ([k]a)®
™ _ ~ 2a(b—a)
b) = ~e 1.49
n. - (b) e 5 (1.49)
1 Conlo_a | E|a
TE _ ~ 2a(b—a)
b) = e — 1.50
0 = (1.50)

From discussions above, it is obvious that the radiation efficiency of TM mode is
proportional to (|k|a)® and TE mode is proportional to |k|a. It is seen that the
efficiency of TM is 1.42106 x 107'% and TE is 5.00451 x 107!3. In term of antenna

efficiency, the TE case is about 352 times better than TM case.

1.5.3  Source requirement

The DARPA AMEBA requires to deliver 100fT magnetic flux density undersea to

100m (far-zone) at 1 kHz. It demands the source to be

TM:
LLdl,
pol H| =po—|kle™" = 10 v
wr
4
= Ldl =(10713) " ctar —160.4
fiolk|
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Table 3. Required source power for under seawater dipoles

™ TE
I.dl = 160.4Am I, dl = 7.12687Vm
Pry = 6.324 X 10°W || Prg = 17.2745W

Using (1.40), the required source power
Pry = 0.2458(1.dl)* = 0.2458 x 160.4% = 6323.98W

TE:

, Lpdl .
prolH| =po———1kle™*" = 107"
47rr|n|

4mrng

e™ = T7.12687
fokole,|

= I,dl =(107"%)
Using (1.41), the required source power

Prg = 0.3401(1,,,dl)? = 0.3401 x 7.12687% = 17.2745W

The numerical values for dipole moment (I.dl or I,,dl) and required power of the
source are tabulated in Table 3. It shows that the required power of magnetic dipole
is less than that of electric dipole in two to three orders of magnitude.

Since the required current moment, [,,dl, is 7.12687Vm and a linear dipole has
an effective length of half its physical length, the magnetic current, I,,, required to
deliver the 100fT to 100m under sea is 23.7562V. Under assumption that magnetic
field is uniform within the permeable dipole core, and with current loop feeding, the

magnetic current moment of an N-turn loop is
Idl = Nwpiopty Lioop A (1.51)

where o0, is the electric loop current around the magnetic core and A is the cross-

section area of the core.
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Figure 6. Moment of inertia for cylinder rotating along x-axis

1.6 Mechanically Spinning Dipole

This section studies a mechanically spinning dipole from viewpoint of tuning and
impedance matching. A mechanically rotating dipole at 1000 cycle per second may
radiate EM waves at 1 kHz; no particular resonant circuit need be built to attain the
frequency. Although ordinarily it is assumed that antennas with physical size much
smaller than the wavelength are difficult to tune and match. Alternatively, permeable
antenna of the kind has been recently demonstrated to exhibit good efficiency in low

impedance environments [28].

Figure 6 depicts a dipole spinning at angular frequency w along x-axis, with its

ends tracing a circle of radius h/2. It can be determined from [34] that the current
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moment produced by the spinning dipole is
Iemdl = Qe mwh (1.52)

The effective charge at the ends of a permanently polarized material (magnet or
electret) is

Qe,m - Pe,mA (153)

where P, ,, is the polarization density, and A is the cross section. To radiate at 1kHz,

the dipole may spin at 60,000 rpm. The kinetic energy for such rotational dipole is

1
K, = §ka2 (1.54)

where the moment of inertia is Jy = &M (h* + 3p?) for cylinder with height h, mass
M and radius p shown in Fig. 6.
Since the kinetic energy limit is 5000 Joules from AMEBA requirement, the moment

of inertia

5,000
Jr = —— = 2.533 x 10" 'kg - m®
5(,0

Choose h = 2p for square longitudinal cross-section, yielding kinetic energy

1 3
—M(h?+ =h?) =2. 1074
D (h* + 1 ) 533 x 10
7
= @Mhz = 2.533 x 10~ *kg - m? (1.55)
and the mass density
M =D x 10°kg - m™? 1.56)
0.250h3 &1 (1.

where D is material density in g/cm®. Dividing (1.55) by (1.56)

Tr 5 _ 2533 % 107

192 D
1
4.8634 x 1075\ 3
o (2802210 1.57
- ( 77D ) (1.57)
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For NdFeB magnets D = 7.5, ceramic electrets D = 3.8, and carbon fiber D = 1.5, the
corresponding cylinder height A,, = 0.0494m, A, = 0.0566m, and h. = 0.0682m. This
means the spinning dipole has required height A in the order of 0.05m and cross-section
of mp? = 1.9635 x 1073m?2, and volume of 9.8175 x 10~°m? for stored kinetic energy
of 5 Kilo Joules spinning at 60 000 rpm.

For electric dipole, using today’s best electrets with P, = 0.034C/m?, the source
I.dl = 2P, Awp = 0.02097A - m

and for magnetic dipole with today’s best magnet of saturation magnetization M, =

1.15 x 10¢ A/m, the corresponding P, = poM, = 1.4451T,
I,,dl =2P,,Awp = 0.8914V - m

Using (1.40) and (1.41), the total source power is 1.081 x 107*W for TM case and
0.2702W for TE case. The data suggest that spinning magnet operating at 1 kHz may
produce 100 x 0.8914/7.12687 = 12.51 f T magnetic field at 100 m, and this antenna
operates within 5 kJ of kinetic energy. Further calculations indicate that it requires

mechanical power of 220 W to compensate ball bering friction loss [29].

1.7 Design of magnetic dipole antenna

From previous discussions, the electric dipoles encounter too much Ohmic power.
Dipole of mechanically spinning electrets/magnets cannot provide required H-field
level under pre-specified kinetic energy unless the dipole is replaced with quadrupoles.
Therefore, the magnetic dipole is chosen. It is called permeable antenna, which is a

ferrite cylinder with loop current as source.
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Figure 7. Input admittance equivalent circuit of permeable dipoles with added
matching capacitor

The input admittance of a permeable dipole can be evaluated using lumped
circuit model [28]. The equivalent circuit is shown in Fig. 7, where Yy,.; represents
input admittance caused by internal dipole material, Y,, is for wire antenna input
admittance, and Yc,, for external tuning capacitor. Assuming the current distribution

on a electrically small dipole is linear, the input admittance simply becomes

Kn :Ymat + Yan + Ycap

jweol ( z ) 1 20(kl)?
jwmpol 2
Nty
where
Vi, = ! LAweoler =Dl 1 1 = 0.6m
mat Jwﬂ/o (H/T _ 1>7r€)2 87T ) . ) .

For non-linear current distribution, the input admittance of the dipole can be modeled

as RLC circuit [35], the parameter for each components are

R, = 807> <2l—ﬂ)2

A
1 " 2z
L., = /—lo ZI(2)|Pdz
[lil? Jo gpl()l
l
Con e (1.59)

- 2log (2%)
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where the effective length is

1.8 Summary

This section investigated multi-physics generated small dipoles in homogeneous
lossy medium in the ULF-VLF bands. The study shows that the radiation efficiency,
1, is proportional to |ka|® for TM and |ka| for TE dipole, respectively. Therefore,
the required source power for TE is two to three orders of magnitude less than that of
TM. Numerical results indicate that to deliver 1 kHz radio signal undersea at distance
of 100 m (far-zone) with a minimum 100 fT magnetic flux density, the TM dipole
requires 6.324 kW of source power. In contrast, the TE dipole demands only 17.27 W
of source power, which means the radiation efficiency of TE is 350 times better than
TM case.

Dipoles of mechanically spinning electrets/magnets are smaller than their counter-
partners of TE/TM antennas in physical size and weight, but may produce less than
required field intensity in the far-zone. Antennas based on spinning electrets or
magnets may need their rotation speed to be 60,000 cycles per minute. To implement
any mechanically driving antennas, the precision flying wheel is a must.

More attention was given to the TE dipole, referred to as the permeable antenna,
including feeding, tuning and matching circuits. Next chapter will focus on solving
the unknown current distribution on the wire antenna using MoM. After that, the

input impedance and matching network can be calculated easily.
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Chapter 2

RIGOROUS ANALYSIS OF WIRE ANTENNAS BY COMBINED EFIE AND
WAVELETS

2.1 Introduction

Current distribution on a wire antenna is the key to find basic antenna parameters
such as input impedance, near and far electromagnetic fields, antenna gain, radiation
pattern, etc. The current on a thin dipole is assumed to be sinusoidal [36]. It seems
a good approximation for simple structure, but shows lack of theoretical basis on
general antennas. For this reason, numerical methods such as Moment of Methods
(MoM) are used to solve the current distribution in arbitrary antenna structure with
good accuracy [37].

For wire antennas, many papers have been published [38], [39] but the problems
are limited to 1D complexity and use different source and observe axis to avoid the
singularity problem. For a fat wire antenna with finite and non-negligible radius, a
more accurate model has appeared [7]. To replace the traditional delta-gap source, a
more accurate source model is developed by using the Huygens’ principle. From this
principle and reciprocity theorem, a variational formulation of the input admittance is
derived. When the triangle function is chosen as both basis and weighting functions,
all the elements of impedance matrix and source vector are formulated in closed forms.
Both Electric- and magnetic- current Green’s functions are used to form an EFIE.

At first the Electric Field Integral Equation (EFIE) equation is derived with

unknown surface current vectors. Then using Galerkin’s method with triangle and
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Coifman wavelets (Coiflets) to construct the impedance matrix and source vector.
Finally, solving the unknown current from MoM. Other antenna parameters can
be easily computed. In this chapter we will extend this model and combine with

intervallic wavelets.
2.2  Formulation

To solve for the unknown current distribution of the dipole |7], the integral equation

to be solved is

jwp ]4 dS'G.(7,7) - J(7) = =V x f dS' G, (7, 7)) - M, () (2.1)

S o
where G.(7,7") and G,,(7,7") are electric- and magnetic- field dyadic Green’s func-
tions, ]\7[a is magnetic current equivalent of source feeding at the gap, J (7) is the
induced current of the dipole to be solved. Next decomposing the current into linear

combination of basis functions with unknown coefficients

J(F) = L (7 (2.2)

If Galerkin’s method is used, the impedance matrix becomes

D = i (T (), Ge(7, ), T (7)) (2.3)

And the source vector beomes
Vio = —(Jn(7), V % G, 7), Ma (7)) (2.4)

Under the assumption that the gap and radius of the dipole antenna are electrically

small, the dyadic Green’s function can be simplified, resulting the impedance matrix
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to be well-known Pocklington’s integral equation in 2D

o
" 1673 Jas,, Jas,

I (2
/ / 4, (z)ij (+)g(F — 7)dS'dS (2.5)
ASwm Jas, dz dz'"" '

—

() g(F — 7)dS'dS

+

167T3/<;

where the Green’s function

R=1|F—7|=+/2p2(1 — cos(¢p — ¢)) + (2 — 2')?

It is worth-noting that the second part of (2.5) involves of differentiation on the basis
functions. The derivatives of triangle basis functions are simple and well defined.
But they may be problematic for other basis such as Daubechies wavelets where the
derivatives do not exist. One way to avoid solving the derivatives inside the Z matrix
integration is by using integral by parts to move the differentiation operator onto
the Green’s functions instead of the basis functions. Since the basis functions have
no azimuth angle, ¢, dependence, it can be moved out of the integral and is only
integrated along z direction. Assume that the basis functions are along z direction

and zero at both ends

d d e
- . / = — d ld — / = d ,d
Az /Az’ dZ Jm(Z) dZ/ Jn(z )g(r " ) =0 Az Az/ Jm(Z)Jn(z )6282’/ ( -r ) zaz

(2.6)
Evaluate the derivatives
o B 0, z—z
9z 9z R
0 M1 4 jEkR)(2 - 2)
az’g N R3
o? [K2eF (2 — )2 + e IFR(1 + jEkR)|R? — 3[e (1 + jkR)(z — 2')](2 — 2/)
9=
020z R
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The result integral has no basis functions’ derivatives is

J Ng(¥ — 7)dZ' d
/Az/AZ 7 Im dz’ (Ng(r7—r")d2'dz
I (

= Jo,

2R )+eJkR(1+JkR)]R 3[eHR(1 1 jRR)(z — 2)](z -
RS

>dz'dz
(2.7)

Now any basis function can be used to evaluate the Z matrix. However, the trade-off is

that (2.7) becomes much more singular than the integral in (2.5), O(R™!)vs.O(R™3).
2.3 Basis functions

Before solving the MoM system, the basis functions have to be chosen. This
section will include both triangle basis functions and Coifman wavelets (Coiflets). The
triangle basis functions are used in [7] and shows good agreements with measurements.
But as basis function, triangle is not orthogonal and needed to be normalized, which is
superior to Coiflets which is complete orthonormal basis and have vanishing moments

up to L order.
2.3.1 Triangle basis functions
The triangle basis function is shown in Fig. 8. The advantages of triangle basis
functions are easy to calculate and shown good results. But triangle functions are

not well-defined basis because they are not orthogonal to each other. The sharp edge

of the triangles can also introduce fictitious charges. The triangle basis function is
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Figure 8. Triangle basis function

defined as
¢(r) =1—|zf, x € [-1,1] (2.8)

2.3.2 Coifman wavelets

The other basis function is Coiflets of order L = 4 shown in Fig. 9. The Coiflets
are orthonormal basis functions with L — 1 and L vanishing polynomial moments,

meaning ffooo 2l¢(x) = 0,1 =0,1,...,L — 1. There is no sharp edge that can introduce

fictitious charge.
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Figure 9. Coiflets scalet ¢ and wavelet ¢ (L = 4)

2.4  Current distribution from MoM

Before constructing the MoM matrix, the basis function resolution is chosen to

span the entire antenna region. The basis function with order j resolution is given by
Gin(w) = 220(2x — k) (2.9)

2.4.1 Dipole antenna
To solve the MoM system for the short dipole, let the dipole to be 0.5m long,
radius p = 0.02m, and the gap due to feeding is A = 0.0227m. For a half-wavelength

dipole, evaluating current distribution at f = 300M H z using triangle and Coiflets

basis functions of oder j = 5, then compare with 1D MoM from [38]. The results
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Figure 10. Current distribution on dipole antenna at 300MHz using triangle basis

are shown in Fig. 10 and Fig. 11, respectively, where 2D MoM refers to the fully

integrations in 2.5 and 1D MoM refers to only integrate on the source [38|.

For an electrically small dipole, the current distribution at f = 1kHz using
triangle and Coiflets basis functions of oder 5 = 5 are shown in Fig. 12 and Fig. 13,
respectively. The current on an electrically short dipole is usually assumed linear,
which mostly agree with results from MoM. However, as the radius increase, such

linearly approximation may not be true and MoM should be used for better results.
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Figure 11. Current distribution on dipole antenna at 300MHz using Coiflet basis
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Figure 12. Current distribution on loop antenna
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Figure 13. Current distribution on loop antenna at 1kHz using Coiflet basis

2.4.2 Loop antenna

The current distribution for a loop antenna can be found using similar method.

To evaluate the inner product of basis functions and their distances, let first clarify

the coordinate system, shown in Fig. 14, where A is the loop radius and

R = (Acosd—+ acosacosd)i + (Asing + acosasing)j + (asina)z

7=

—

—

(R)=

J(R) =

(Acos ¢’ + acosa’ cos @' )i + (Asing’ + acosa’sing’)g + (asina’)z

J(R)(— sin ¢Z + cos ¢7))

J(R')(—sin ¢'# + cos ¢'1) (2.10)

Substitute (2.10) into the same integral equation, solving the current on loop.

Let the loop perimeter to be 0.5m long, radius p = a = 0.02m, and the feeding
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Figure 14. Loop antenna coordinate system

gap is A = 0.0227m. At frequency f = 300MHz, the current distributions using
triangle and Coiflets basis functions are shown in Fig. 15 and Fig. 16, respectively.
The current distributions agree well with results in [38]. Since the perimeter is
half of the wavelength, the antenna input impedance approaches to infinity due to

antiresonance [40].

Again, for electrically small antenna, the current distribution on loop antenna is
expected to behave like DC. After solving the MoM system, The current distribution
at f = 1kHz using triangle and Coiflets basis functions are shown in Fig. 17 and Fig.
18, respectively. The currents are almost constant on entire loop as expected. The
calculated input impedance is 0.00 + 0.0010; for both basis functions. From [41], the

inductance of a small loop antenna is

L= /A= | (3 - k) K0 - FE®) (211)

where

»  4A(A—a)
W= (2A — a)?

K and FE are the elliptic integrals of the first and second kinds.

(2.12)
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Figure 15. Current distribution on loop antenna at 300MHz using triangle basis
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Figure 16. Current distribution on loop antenna at 300MHz using Coiflet basis
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Figure 17. Current distribution on loop antenna at 1kHz using triangle basis
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Figure 18. Current distribution on loop antenna at 1kHz using Coiflet basis

38



2.5 Input impedance

After the current distribution is calculated from MoM in the previous section, the

input impedance due to antenna itself can be found by

—1
1
Zrtort = (W > ]nvn> (2.13)

where V, is the applied source voltage at the gap. The MoM results are compared

with [35] where sinusoidal current distribution is assumed and shown below

2
Ryn = 8072 (—21‘”’ d )

)
L
Oon = STa(Lfa)
Lon = ﬁ /0 " “in (%”’) (=) [2d=
Zook = Ran jwé,m + jwLan (2.14)

The result is shown in Table 4 where Z;,; and Z.,¢ are input impedance calculated by
MoM with triangle and Coiflets basis functions, respectively, Zy,or is input impedance
calculated from (2.14).

The results from MoM are close to each other and should approach to book
values when the wire radius reduces. At a = 1lmm and feeding gap A = 5mm, the
input impedance using MoM becomes 71.6 +23.4j, which is comparable to the value
of 73.14Q) for infinitesimal thin antenna [42]. When the length is near 0.48), the
imaginary part of input impedance should approach to zero. The MoM impedance
value is 72.4 —1.21j is obtained for a dipole antenna with L = 0.48\ and L/(2a) = 100,

similar to Collin’s measurement and theoretical values.

Assume the antenna length, L = 0.5m, wire radius, ¢« = 2mm. For the NiZn

ferrite tile material with permittivity e, = 14 — j0.14 and permeability u, = 2000,
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Table 4. Numerical input impedance values

L =0.5m L =0.5m L =0.5m L =0.5m
f=300MHz || f =300MHz f = 1kHz f =1kHz
a = 1bmm a = 2mm a = 1bmm a = 2mm

L 91.6 +27.3j 81.7 +20.0j || 1.73e-03 - 5.32e+071 || 1.42e-03 - 9.79e+-071
Zeoif || 87.6 +28.4j 83.1 +29.6j || 1.06e-01 - 4.93e+07] || 1.02e-01 - 9.70e+07j
ZLbook 80.0 -86.0j 80.0 -50.2j 2.19e-09 - 8.03e+07j || 2.19e-09 - 1.26e+08;j

200 T T T T T T T T 1
( Real
Imaginary

150 |- 1 4

so - ._.‘ |

Input Impedance ()

-850 .|

_100_ 1 L 1 | 1 1 L 1 1 - |
999.9 999.92 999.94 999.96 ©999.98 1000 1000.02 1000.04 1000.06 1000.08 1000.1

Frequency (Hz)

Figure 19. Input admittance of designed dipole with 159.3mF shunt capacitor matching

the resulting input impedance is shown in Fig. 19 with 159.3mF shunt capacitor,
which is common value for aluminum electrolytic capacitors. The resulting antenna’s

resonance lies at 1kHz.

In order to feed the dipole, a solenoid is used. The required current is found from
(1.51) at approximate. It requires turn-current product NI = 14.3658A - turn, which

is moderate current and can be easily achieved from copper wires. For example, the
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wire of American Wire Gauge (AWG) number 7 has wire diameter of 3.66522mm
and can withstand maximum current of 30A with maximum frequency of 1300Hz.

Increasing loop number can further reduce the current at the feeding.

2.6 Summary

In this chapter, the MoM with both triangle and Coifman wavelets are used to
solve the antenna current distribution on dipole and loop antenna. They shows good
agreement with each other and published papers. More attention was given to the TE
dipole, referred to as the permeable antenna, including feeding, tuning and matching
circuits. For high efficiency permeable TE antennas, the tuning/matching network
requires high voltage capacitors in milli-faradays, which are 1000 times larger than

commercially available products. The turn-current is 14.37A - turn which is compatible

with AWG7 wire.
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Chapter 3

ON MODELING AND MEASUREMENT OF GCPW FOR AUTOMOTIVE
RADAR APPLICATIONS

3.1 Introduction

Millimeter wave radars have appeared in the scene as safety devices for cruise
control, automatic braking and collision warning. The GCPW is used to deliver power
from the source to antennas. Power loss at millimeter wave frequencies are significant,
which attenuates the weak signals and degrades system performances. Many papers
reported that transmission lines, including micro strip, strip line, coplanar waveguide
(CPW), substrate integrated waveguide (SIW), among others, may produce severe loss
of 103 dB/m in the V-band of 52-75 GHz frequency range [43]. In this chapter, model
the GCPW using semi-analytical method, and simulate the structure with commercial
EM software, HF'SS of the ANSYS.

The laboratory measurements are conducted in 75 to 90 GHz, using Rohde &
Schwarz ZVA24 VNA along with MOL V10VNA2 frequency extension modules.
One-port and two-port calibrations are discussed in details. Mis-alignment becomes
problem in high frequency measurement as wavelength shrinking to the millimeter
range. As a result, the original system is embedded with error boxes which need to be
de-embedded. Many matured techniques are available for such problem if the device
under test (DUT) is one-port. But few papers devoted to two-port devices. In this

chapter, new techniques are presented for two-port device de-embedding on actual
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GCPW measurement data. The results of modeling, simulation and measurements

are in good agreement.

3.2 Analytical Study of the GCPW

General CPW structures were studied by the FEM in the 1990s [44]. In this
section, analytical expressions of conductor loss and dielectric loss are provided. They
are either from conformal mapping, quasi-static and /or full-wave solution, or extracted

from experimental date.

3.2.1 Coplanar Waveguide Structures and Dimension

The cross-section and top view of the GCPW is shown in Fig. 20 and Fig. 21,

respectively. The GCPW is connected to WR-12 waveguide at its two ends. There is

a connector plate at each of these connection which introduce an offset length

Wend W, Wi W, Wend
Teu
Tsub
Teu -

Figure 20. Cross-section of Coplanar Waveguide

with dimensions listed in Table 5.

In our study, the PCB board was Parasonic Magnon7, high speed, low loss multi-

layer materials. The center trace and ground planes are made of copper, and dielectric
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Figure 21. Top View of Coplanar Waveguide

Table 5. Parameters

Dimension of Length

W;—Trace width 262um

W,~Gap width TTum
Wyna—Lateral ground plane width 1.584mm

T,u—Substrate thickness 130pum

Tew—Copper thickness 30um

D,jqte—Diameter of plate 250pum

D,;,—Diameter of via conductor 100pum

Wia—Vertical via conductor separation 1mm

L,;,— Horizontal via conductor separation | 300um

substrate has relative permittivity of 3.2 and loss tangent of 0.004 at 50 GHz in the

data sheets.
3.2.2  Analytical Solution of Attenuation for GCPW
The total attenuation consists of two parts, the conductor loss and dielectric
loss. The conductor loss due to skin effect is proportional to the square-root of

frequency, while the dielectic loss (contantance) grows faster than a linear function of

frequency [44]. Therefore at E-band frequencies dielectric loss is dominant.
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3.2.3 Conductor Loss

From [45], the conductor loss of GCPW is
o - Rs\fEers

« {é {Hm%} +% [ﬂ+1n%]} Np/m| (3.1)

where

a:Wt/Q,b:Wt/Q—f—Wg

Eeff =1+ q(&‘r — 1)
K (k3)

. K’(k‘3)
=Kk | K(ks)
K'(k1) K'(ks3)

]{51 :a/b

tanh 2
4Tsub
ks

- (Wi t2W,)
nh ————2
ta 4Tsub

R — [Whtofty
20

o is the conductivity of the conductor. K and K’ are elliptic integral of the first kind

and its complement.

In practice, if roughness is considered, the conduction loss o/, becomes [46]

2 A\
1+ =tan 1.4 (—)
s (55

/
= O

(3.2)

3.2.4 Dielectric Loss

The dielectric loss of GCPW is the same as microstrip line case as stated in [46]

_ ko&r(éeff — 1) tan o

T o/l (33)

(%)
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where kg is the free space propagation constant. The total attenuation therefore is

simply sum of conduction and dielectric loss a0 = a. + ay.

3.2.5 Characteristic Impedance

The characteristic impedance of GCPW is given in [47]

K(k) | K(ki) (3.4)

where

Therefore the characteristic impedance of the GCPW is 50.01€2 which is good for any
50€2 system.

3.3 Simulation Results

Compared analytic solution with simulation is in Fig. 22.

It shows good match between analytic solution to HFSS simulation. At low
frequency, the conductor loss is dominant and is proportional to square root of

frequency. At higher frequency, the dielectric loss is dominant and therefore has linear

relationship to frequency.
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Figure 22. Attenuation of GCPW from Analytic Solution, HFSS Simulation, and

Linear Fit

3.4 Measurements and Calibration

Due to device connection misalignment, addition calibrations are needed to find

true S-parameters for the DUT with one- and/or two-

port. The misalignment in

measurement can be modeled as two error S-matrices with one before DUT and the

other after DUT. To solve the unknown error S-matrices, use both one-port and

two-port with offset shorts and throughs for calibration.

3.4.1 One-port Calibration

One-port device with error box is shown in Fig. 23, and our goal is to find Sy

following steps in [48].

47
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Figure 23. Schematics of One-port Device with Embedded Error Box
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The true S7; of the DUT is

S12845921 4511
S =8 3.5
11 11EA T 1 — SyraSic (3.5)

where Sga represents S-parameters of the embedded error box, and Sy, is of the DUT.
In order to de-embed error box, use a standard short component and with at least
three different offset shorts to determine the three unknowns Si1g4, S12£4521£4, and

SQ2EA-

3.4.2 Two-port Calibration

Two-port devices (Fig. 24) require more calibration work. Assuming that the
DUT is reciprocal (no active devices or ferrites) such that Sy; = Si2, and no reflection
from error boxes, namely Si1g4 = Soopp = 0. Use VNA that is one-path propagation
only from port one to port two. Then safely assume Sispa = Si2pp = 0 since they

are irrelevant to measured So;.
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Figure 24. Schematics of Two-port Device with Embedded Error Box

To solve the cascade system, it is easier to use transfer matrix instead of S-

parameters. The conversion of T-matrix from S-matrix is

1 [S12521 — S11522 S

1] = — (3.6)

S R 1

Then the total T-matrix is the product all three T-matrixes
1 S12mS21m — S11mS22m  Stim
21m _522m 1
1
= X 3.7
So1£4521521E8 (3.7)
0 0

0 —S11EB[S2ra(S3 — S%) + S11] — S2paSi +1

where S, represents measured S-parameter. Rearrange equation (3.7) and get a

quadratic equation for Sp;

2
SllEBS22EA521m521 + S21EA521E3521 -

So1mS11E859225457 + So1mS11E8S11 — So21m =0 (3.8)
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Then pick one root when solving the quadratic equation. The physical answer
should be close to the value before calibration and below 0 dB. Next, use different
length of offsets as DUT. If the length of the offset is [ and short distance, then its

T-matrix simply be
e I8
[Tors] = | (3.9)
0 e
where (8 represents propagation constant inside the offset waveguide. Substituting

(3.9) into (3.7) and rearrange terms to get

Sorme 2 S 5B Saspa + € P Sy 15 aSy 158 = Soim (3.10)

Solve for S11pS22ra and So154S21 g5 With at least two different offsets. The propa-
gation constant, 3, can be derived from rectangular waveguide formula.

Next, Saapa can be found from one-port calibration in the previous session. And
S11EB = S11E8S2284/52254. Now all parameters are known for solving the quadratic

equation of true Sa;.

3.4.3 Measurement Results

The Rohde & ShwarzS ZVA24 VNA and VI0OVNA2 frequency extender are em-
ployed so that frequency range can go from 75 GHz to 110 GHz. The measured
GCPW is 45mm long operating from 75-84 GHz. The measurement results are com-
pared with analytic solution and HFSS simulation, showning in Fig. 25. We assume
maximum roughness when calculate analytic solution. In specific, conduction loss in

(3.2) becomes o, = 2.
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Figure 25. Comparison of GCPW Attenuation Between Analytic Solution, Measure-
ment with and without Calibration

3.5  Summary

In this application oriented chapter, we summarized analytical expressions of Ohmic
loss, dielectric loss and attenuation of the GCPW at the E-band frequency range. Using
commercial EM simulation package, HFSS, to execute frequency-sweeping simulations.
Then use Rohde & ShwarzS ZVA24 VNA and VI0OVNA2 frequency extender for
measurement from 75GHz to 84GHz. Device misalignment becomes prominent under
millimeter wavelength range which requires additional calibration of the system. By
using offsets short and through as DUTs, S-matrices due to misalignment are calculated
for all frequency range, and can be de-embedded to retrieve true S-parameters. Finally
the measured date is compared with analytic modeling results and HFSS simulation
outputs and good agreement is observed. The model can be used for other applications

such as system and circuit design, and for device tuneup.
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Chapter 4

E-BAND 3-D PRINTED ANTENNA FABRICATION AND MEASUREMENT
USING VNA AND ONE-SIDE FREQUENCY-EXTENDER

4.1 Introduction

While most affordable microwave vector network analyzers (VNAs) covers only
Ku, K and Ka bands, automotive radars use the millimeter wave E-band or W-band
frequencies, typically 75-81 GHz. For instance, the HP-8720 has its upper limit of 16
GHz, Rohde ZVA24 goes to 24 GHz, and Agilent 8510C goes to 40 GHz. To make a
full two-port measurement, one will need to have a pair of frequency-extenders, e.g.,
from the OML or other vendors. To reduce the burden of equipment budget, use a
single frequency-extender and conduct a half two-port test, measuring S11 and S21.
Then use reciprocity principle to estimate Si5. In such a way the extension budget
may have been cut in a half. The extender utilizes a specific RF signal from the VNA
for its harmonics. As a result, HP8720 and any VNA below 20 GHz may be difficult
for extension.

The basic calibration procedures are as follows. First, one needs to do the one-
port calibration for Port 1 by placing Short, Offset-short, Match and Sliding match
(optional). Then connect Port 2 with Through and Isolation. More detailed discussions
can be found in the previous chapter. This chapter emphasizes on one-port offset
correction, using the Smith chart [49].

For the radar system, antennas are pyramidal horns and cavity backed slotted
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arrays using substrate integrated waveguide (SIW). For simplicity, only the 3D printed

plastic horn will be reported.

— %

Figure 26. ROHDE&SCHWARZ ZVA24 Connected to the Extenders at Lab Measure-
ment

VNA Ref Input
_______________________________________ VNA Output 3

X6

VNA Output 1 i RF =® '
VNAOutput2 ' o :
Lo =

Lo DUT

: X8
. TESTIF

VNA Input 2

<

VNA Input 1

Figure 27. Block Diagram of OML V10VNA2 Extenders and Connection Setup to
VNA
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4.2 Equipment Setup

Using the VNA of Rohde & Schwarz ZVA24, with frequency range from 10 MHz to
24 GHz, cnnects this VNA to the extender of Olson Microwave Lab (OML) VIOVNA2-
T/R at Port-1 for transmitting and receiving, and VIOVNA2-R at another port for
receiving only. Because the extender at one port is only for receiving, only one-path
signal can be measured. To have full two-path measurement, both VIOVNA2-T /R
extenders are required. The photo of extenders are shown in Fig. 26. Its block
diagram and connection are illustrated in Fig. 27.

According to the block diagram, the extender is a superheterodyne that shifts RF
signal of 12.5-18.33 GHz to 75-110 GHz and then the mm-waves pass through DUT.
The reflected and transmitted signals are mixed with up-shifted LO of 74.72GHz-
109.72GHz, resulting in IF at 280 MHz which is measurable by the VNA.

It is worth noting that the VNA built-in direct coupler (shown in Fig. 28) is
troublesome when directly connecting to the extender. It makes measurement results
extremely noisy and inaccurate (even after 16 times average), especially in 79.5-84.0
GHz frequency range. As the result, bypassing the coupler by connecting the source
port on VNA to the extender directly, much cleaner signals are observed in calibration
and measurement. One possible explanation might be the phase noise due to the

coupler in VNA, which contaminated frequency multiplier in the extender.

4.3 Horn Antenna versus Micro-strip Antenna

Micro-strip antenna has low profile and is conformable to plane and curved surfaces.

Mechanically micro-strip is robust on rigid surface, and ease to produce by the printed
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Figure 28. ROHDE&SCHWARZ ZVA24 Built-in Coupler Block Diagram

circuit board (PCB) technology in Low cost. These antennas are compatible to the
MMIC design and fabrication. They are versatile in resonance frequency, pattern,
impedance and polarization by adding pins and varactor diodes between the patches
and ground plane. However, micro-strip antennas have low efficiency, low power and
high Q. They are poor in polarization purity, and may produce spurious feeding
radiation.

On the contrary, horn antennas have large gain and high radiation efficiency, with
high polarization purity. Due to their versatility and overall performance, Horns are
the simplest and widely used microwave antennas. In this talk, the designed antenna
is a pyramidal horn with WR-12 rectangular waveguide as the feeding terminal, as
shown in Fig. 29. Both antenna and flange are integrated together and can be easily
produced by 3D printing. Due to 3D printer finite resolution of £100u, the interior
walls of horn show step rings. This roughness may slightly degrade antenna gain and

insertion loss.

The 3D printed horn antennas are plastic, using conventional ABS material which
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Figure 29. Copper Electroplated Horn Antennas with WR-12 Connector: (a) Top
View. (b) Side View.

is non-conducting. Then coated the horns with copper in the lab. There are many
ways to do electroplating. Graphite-acetone mixture was utilized for base conducting
plane because acetone can etch ABS material so that graphite will stick onto the
ABS surface. After waiting 24 hours for acetone to dry completely, dipped the horns
into copper sulphate solution and ready for electroplating. Then connect the horn to
cathode and copper wire to anode, both dipped completely in the electrolyte. The
power source is 7V DC home adapter. The electroplating process took about 10 hours
for each horn antenna. Photo of some finished horn antennas integrated with standard

W-band flanges are shown in Fig. (30).

In [50], the horn antenna directivity is giving as

D =ET (0(0) — G0+ 15) - S(0)7)

) R

where some parameters are

C and S represents Fresnel cosine and sine integral functions, respectively. The
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Figure 30. Copper Electroplated Horn Antennas with WR-12 Connector

Parameters | Values
aq 15mm
by 5.8mm
a 3.1mm

b 1.55mm
p1 10.9mm
P2 10.1mm

antenna pattern is shown in Fig. 31. At 76.5GHz, the E-plane half power beam width
(HPBW) is about +17° and H-plane HPBW is £15°.

4.4  Antenna Measurement

For the measurement, connected one pair of same horn antennas to the transmitting

frequency-extender and receiving frequency-extender covered with absorber material,
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Antenna Pattern

Name Theta Ang Mag
m1 360.0000 | -0.0000 | 15.2048
m2 17.0000 | 17.0000 | 12.3250
m3 15.0000 | 15.0000 | 12.3348

Curve Info

—— dB(GainTotal)
Setup1 : LastAdaptive
Freq=76.5GHz Phi=0deg"

—— dB(GainTotal)

Setup1 : LastAdaptive

Freq=78.5GHZ Phi="%0deq’
90

-180

Figure 31. Antenna Patter of E-Plane (¢ = 90°) and H-Plane (¢ = 0°)

SB-1007-040, 1.0 mm thick, (20-110 GHz). Two antennas were separated by 67cm
to ensure the far zone condition. Figure 32 demonstrates the recorded raw data
of magnitude for S11 and S21 in frequency range of 75-78 GHz, which are used to
calculate the antenna gain below.

Employing the Friis transmission equation and assume the transmitting and

receiving antennas are identical

, ArR\* 5%
- 4.2
Gain \/ ( 3 ) 1=, (4.2)

The insertion loss and gain are presented in Fig. 33 and Fig. 34, both compared

to HFSS simulation and analytic values. Due to presented surface roughness and
fabrication variance, there is some difference between measurement and simulated

values.
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Figure 32. Measured magnitude of S11 and S21 versus frequency

4.5 Summary

This chapter shows the possibility of 3D printed horn antenna working in 75GHz
to 78GHz. The 3D printing and electroplating process is low cost and time-efficient in
fabrication and yet not much degrade from analytic and simulation results in antenna

gain at E-band. Similar process could also work for other type of antenna in the

future for low cost, small, and irregular antennas.
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Figure 33. Comparison of HFSS Simulated and Measurement Insertion Loss
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Figure 34. Comparison of HFSS Simulated, Measurement and Analytic Solution of
Antenna Gain
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The total power density along radial direction of TM mode is
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Then integrate over close spherical surface to get total power flowing from the
dipole
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and after some manipulation
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