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Abstract. Boundary problem of parallel plate waveguide (PPW) excitation by an
infinite array of metal strips with lumped sources is considered. The array operates in
quasi-periodical regime. An effective analytical-numerical boundary problem
solution and numerical algorithm on its base are proposed. Numerical results are
discussed and compered with results obtained with help of High Frequency System
Simulator (HFSS). Good agreement between HFSS numerical simulations and results
of the proposed approach are demonstrated. It is shown that under some conditions
array of lumped sources effectively excites PPW in ultra wide band (UWB) of
operating frequencies.

Key words: parallel plate waveguide, lumped source, antenna array, quasi-periodical
regime.

AnHoTanus. Pemena 3amaga o BO30YXKJIEHHH IUIOCKOTO BOJHOBOJA OECKOHEYHOM
pEeIeTKOM  COCPEAOTOYCHHBIX  HMCTOYHHMKOB. Pemierka  GyHKIMOHUpYET B
KBAa3UIICPHUOAUICCKOM PCIKUMCE. Hpe,HHOH(eHO YUCJIICHHO-daHAJIUTHYCCKOC PCIICHHUC
rpaHuyHOM 3amayl W dS(PQPEKTUBHBIA YUCICHHBIM aJITOPUTM HA €ro OCHOBE.
OOcyxaaroTcss YHCICHHBIE pe3yJabTaThl W TPHUBOJUTCA WX CpPAaBHEHHE C
pesynbratami, nonydeHHsiME npu oMot HFSS. Tlokazano xopoiee coBnaaeHue
MCKAY AAHHBIMHU ITOJYUYCHHBIMU I10 HpH6HH)KeHHOI>'I MOACIN U CTPOIrMM PCIICHHUCM
rpaHu4Hor 3agauyu. l[loka3aHo, 4YTO TMpU ONpPEAECICHHOM BBIOOpE MapaMETPOB
CTPYKTYPBI OHa MOXKET () YHKIIMOHUPOBATH B CBEPXITUPOKON MOJIOCE YACTOT.
KarwueBbie ciaoBa. [[1ockuli BOJHOBOJ, COCPEIOTOYCHHBIM WCTOYHHWK, AHTCHHAs

peIIeTKa, KBa3UIIEPUOIUUYECKUI PEHKUM.
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Introduction

PPW is a widely used for antenna design structure. A lot of leaky-wave antennas
are constructed on the base of PPW [1-3]. We may also note PPW application in
quasi optical planar multi-beam antennas [4-6]. A great advantage of PPW is its
compliance to printed circuits technology. Usually PPW is a printed circuit board
(PCB) and therefore such elements like for example radiating slots may be performed
in frame of PCB manufacturing.

Last decades substrate integrated waveguides (SIW) and SIW devices became
very popular [7,8]. They combine printed circuit low cost, waveguide low loss and
are very perspective for millimeter wave applications. Such device is a combination
of metallized holes in PPW and it may be simply combined with radiating structure in
form of slotted array.

SIW technology may be successfully applied for planar multi-beam antenna
design [4-6]. Planar mirrors and multi-channel radiators may be performed as a
system of metallized holes in PCB. Typically multi-channel radiator is an array of
metal cylinders connected from one side with PPW screen and from the other side
with a transmission line (TRL) conductor. Thus such a cylinder is a PPW exciter that
provides interaction between PPW waves and waves in TRL.

A typical way for PPW structures simulation is an application of systems of
electromagnetic modeling like for example High Frequency System Simulator
(HFSS) [9]. These systems have known advantages: flexibility, high precision etc. At
the same time analytical or analytic-numerical models are relatively simple, do not
require computer resources costs and may be simply physically interpreted. Thus
development of such models is a useful step. This work is focused to development of
an analytic-numerical model of PPW with array of exciters. We consider linear
infinite array operating in a quasi-periodical regime.

1. Boundary problem formulation
The investigated structure is shown in fig. 1. It consists of a semi-infinite PPW
and an infinite linear array of thin sheets. Structure located in the left part of fig. 1

may be called as a resonator. This resonator on the one hand prevents backward
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radiation and on the other hand plays a positive role increasing operating frequency

range of the considered device.

| Lumped source

PPW

Resonator

Fig. 1. Investigated structure.

Infinite array analysis in quasi-periodical regime may be reduced to the analysis
of one period that is usually called as a Floquet channel [10]. It is shown in fig. 2.

Now we consider boundary conditions for electromagnetic field in this structure.
Tangential electric field should be equal to zero on the perfect metal surfaces at

z=0,h,H, x=0,—L. Boundary condition on the thin sheet is written as follows:
U(y)=J(2)R, +E, (1)
where U is a voltage between conductors placed at Z =0, h:

h
U =[E,(y,2)dz, 2)
0

J is a current flowing along the sheet:
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Fig. 2. Floquet channel.
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Here 1,(Yy,z) is electric current density. Parameters E, Rg in relation (1) are
electromotive force and inner impedance of the lumped source associated with the
given sheet. Expression (1) is an analog of Ohm’s law. It is written under several
assumptions. We suppose that parameters W, h satisfy inequalities:
kh,kw <<1, (4)

where K is a free space wavenumber. We may assume that electric current density
and electric field do not vary along 0z axis if conditions (4) are satisfied. In this case

relation (1) may be written in a new form:
hE,(y)=JR, +E. )
Dependence on coordinate Y is still presented in expression (5). We may

average formula (5) on interval |y| < W/ 2 to eliminate this dependence:



JOURNAL OF RADIO ELECTRONICS (ZHURNAL RADIOELEKTRONIKI), ISSN 1684-1719, N8, 2019

w/2

h | E.(y)dy=JR,+E. (6)

-w/2
Lumped source which parameters are presented in (6) allows one to describe
PPW excitation. This source performs function of a Floquet channel port. Let it has

number 1. Waveguide located in the right part of fig. 2 forms port 2. It has height h

and width Py. Thus the Floquet channel is a two port junction that connects lumped

source and waveguide. Typically lumped port serves as a model of transmission line.
Therefore one may conclude that the considered structure is a transition of some kind.

It connects transmission line and waveguide.

Fields on surfaces at y = iPy [ 2 satisfy boundary conditions of periodicity:
E(-P, /2)exp(-ix,P,)=E(P,/2), (7)
here E(£P, /2) may be an arbitrary component of electromagnetic field, x, -s a

parameter of quasi-periodical regime. It determines phase shift between the array

channels located along Oy axis.

We should note that assumption about field independence on coordinate z is
valid not only on the sheet surface but in the whole region X > 0. We should find
electromagnetic field that satisfies Maxwell equations and boundary conditions

formulated above.

2. Boundary problem solution

In order to solve formulated above problem we separate our complicated structure
to several more simple regions and write fields in them in form satisfying Maxwell
equations and a part of boundary conditions. We select as a partial regions 1-3
sections located at —L < X<0,0<x<d and x>d.

Region 1 is a resonator, region 2 is a section of rectangular waveguide with

length d and transversal dimensions h, Py and region 3 is a semi-infinite waveguide

with the same dimensions. A specificity of the waveguide is boundary conditions (7)

specified on its vertical walls.
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With help of inequalities (4) we provide field independence on coordinate Z.

Let us also assume that component of electric field E, is much greater than
components Ex,y' Such field presentation is typical for field in PPW with electrically

small height h.

We express electromagnetic field in regions 1 — 3 through components E,, H,
, S0 as a sum of electric and magnetic waves [11]. In frame of accepted assumptions
one may demonstrate that electric waves with H, =0 completely describe field in

regions 2,3. Field in region 1 depends on coordinate z and we should take into
account contribution of magnetic waves. In accordance with above notes we have the

following relations:
E, =D A ncosa,zshy, . (x+L)exp(-ix,y), 9)
H, = ZAﬁ‘m sina,,zchy, . (x + L) exp(-ix, ),
E,, = Z( B.chg,x+C shs, x)exp(-ix,y),

n

E23 = Z Dn exp(_iKny _ﬂn(x - d)) 1
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Fields (9) satisfy Maxwell equations, boundary conditions on perfectly
conducting surfaces and conditions of periodicity. We have to satisfy the rest

boundary conditions on planes X =0 and X =d . Let us start with plane X =0.
Denote electric fieldat X=0, 0<z <h as E,. Function E, is equal to zero

at z>h in accordance with boundary conditions on metal surface.  Another

tangential to plane X =0 component E  is equal to zero at x=0, 0<z<H

because of above boundary conditions and assumption about field character in
regions2,3at 0<z<h.

Next we express electric field component Ey in region 1 through components
E,,H, with help of known relations [11] and equate it to zeroat X=0,0<z<H.
Taking into account orthogonality of functions Sine,,Z on interval 0<z < H and

functions exp(—ix,y) on interval |y| < P, /2 we obtain as a result the following

relation between coefficients A

ho_ e 10
Tt (10

where W, is a free space wave impedance.
Now let us express coefficients A?,m through electric field E,. Equating

expression (9) for component E, at X =0 to function E, and applying once more

orthogonality of trigonometric and exponential functions we have:

A - & sina he 1)
" PHshynmL a
P, /2
e, = | E,(y)exp(ix,y)dy,
-PR, /2

1 m=0,
Ey =
2, m>0.
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In accordance with boundary conditions at X =0, 0< z < h electric field in

region 1 should be equal to electric field in region 2. Due to it we may find

coefficients B, , expressing them through field E, :
B =—. (12)

Thus with help of relations (11) u (12) we satisfy boundary conditions for

electric field at X = 0. Boundary conditions for magnetic field require continuity of

components H, —at X = 0, O<z<h. Itis impossible to satisfy this requirement

y
completely because we assume that Ey = 0. Because of it we may provide continuity
only for component H .

Component Hy in regions 1,2 may be written with help of formula (10) and

relations from [11] in form of expansions (9):

icose, zchy, (X + L)exp(-ix,
oY aKEDBBEIY) (1o iy p 1y
n,m kWOyn,m

H,=Y 2 eva(v_"(” Y) (B shp,x +C,ch,x).
n 0

Here and below we exclude upper index e in coefficients A’ . Let us

introduce designation:

2 2 _ 2
(K‘n k )Z £, Cth)/n,mL(Smamhj | 14

Q="
k Pth o Vom a

m

To satisfy boundary conditions at X =0, 0 <z <h we equate fields (13) at

X=0. Next we integrate the obtained relation over z and apply functions

exp(—ix,y) orthogonality. As a result we find coefficients C, :

2
(Zn::!S—SLlen.
b,

(15)
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At the next step of the solution we satisfy boundary conditions at X =d . As it

is following from chapter 3 electric current with density |, flows x=d, 0<z<h,
|y| < W/ 2. Tangential electric field is continuous on a sheet of electric current and

magnetic field has a discontinuity equal to current density [11]. Hence we obtain the
following relations:

B.chpgd+Cshgd=D,, (16)
jnkWO

n-y

D, +Bshgd+C.chgd=

w/2

= [ L(yexplix,y)dy.

-w/2

Substituting expressions (12), (15) to (16) we obtain:

e k*Q
" chB.d + neshpd=D_, 17
P ﬁn ﬂ n ﬁn n ( )

y n

2 -
D +shpd+ X e chgd = 1kWo.
Py ﬂn I:BnPy

Next we express with help of system (17) coefficients €, through .-

e = kWO exp(_ﬂnd) : (18)

n 25 N In
: Q. kP
1+
Iﬂn[ + ﬂn J

Now we may find electric field E, at x =d and begin to satisfy boundary

condition (6):

(19)

k2P
kW, [chﬂnd +shg d Q”ﬂ y]exp(—ﬂnd —ix,Y) ],
E = n
Z ; anZPyj

n

i3,P, [1+

We approximate current on a narrow strip by a constant:
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l,(y)=C. (20)
Substituting relation (19) to equation (6) we find the constant C :
c- - — @
k_hWOZ P = Quk . yexp( -24.d) L—WR
2IwWP, 7 ﬂ +Q.k°P yon
- zsmKnW/Z.
K

n

Now it is easy to find current J and port 1 input impedance Z;,:

f2
d 22
ep(ﬂ)]ﬁ (22)

n

i1

_ikhw, B, —Q,k
2w? P, Z[ +Q k*P

n

Reflection coefficient from port 1 S;; is simply related with impedance Z,;:
Z,—R,
Z,+R,

(23)

1=

The next interesting for us scattering parameter is transmission coefficient from

port 1 to port 2 S,,. We have to find wave amplitude in waveguide at x >d when

port 1 is excited. It is easy to do applying relations (9), (17), (18). With help of them
we obtain the following expression for electric field amplitude of a transmitted wave
E .

zt -

__iCkW, fo [, S Qok’
: 2P, 3, B, + on P,

> exp(— ﬂod)J (24)

Here constant C is defined by formula (21). Transmitted wave power P, is

simply related with electric field amplitude (24):

i3 |E. " hP
Pt:_ :BO| zt| y. (25)
2kW,

Power of incident on port 1 wave P, may be expressed through lumped source

parameters:

10
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P—ﬁ (26)
' 8R

9

Then in accordance with S-matrix definition [12] we have:

Su = \/gexp(i argk,). (27)

The rest two elements of scattering matrix S, ,, may be found from properties

of a reciprocal and non-dissipative two port junction [12]:
S, =S, (28)
|522| - |Sn| 1
argsS,, =—argS;; +2argS,, + .
Thus the Floquet channel S-matrix is completely determined.

3. Numerical results

In this section we discuss results of numerical simulation.  Frequency
dependence of the transition reflection coefficient S;; is shown in fig. 3-6. Curves 1-4
in fig. 3 are obtained for L=13.5, H=14, d=0.5, P,=15, h=1, w=2.5,3.5,4.5,5.5. All
dimensions here and below are presented in millimeters. Numerical results presented

in fig. 3-6 are obtained for in-phase array excitation &, =0. It is seen that width W

sufficiently affects to reflection coefficient level in the central part of operating
frequency range. Lower edge of the range almost does not depend on width W. Upper
edge of the range depends on parameter W. It monotonically increases with w
growth.

For unambiguous definition of the operating frequency range we have to specify
maximum level of the reflection coefficient. Let it be equal to — 10 gb. In this case as
it is following from fig. 4 operating frequency range D is equal to 25. We define
parameter D as relation between maximum and minimum frequencies of the
operating frequency range. Thus we see that for given parameters PPW may
effectively excited by the array of lumped sources in an ultra-wide frequency band.

Curves 1 — 4 in fig. 4 demonstrate influence of distance d to reflection

coefficient frequency dependence. They are calculated for L=13.5, H=14,

11
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d=0,0.5,1,1.5, P,=15, h=1, w=5.5. Curves behavior is similar to one shown in fig. 4.

It is seen that lower frequency of the operating frequency range weakly depends on

thin sheet position and on the contrary upper frequency depends on it significantly.

Also reflection level in the central part of the range sufficiently depends on parameter

d.
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Fig. 3. Reflection coefficient frequency dependence for w=2.5,3.5,4.5,5.5.
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Fig. 4. Reflection coefficient frequency dependence for d=0,0.5,1,1.5.

12
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Fig. 5. Reflection coefficient frequency dependence for L=16,14,12,10,8.
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Fig. 6. Reflection coefficient frequency dependence for H=10,12,14.

Frequency dependence of reflection coefficient is shown in fig. 5. Curves 1 — 5
correspond to L=16,14,12,10,8, H=14, d=0.5, P,=15, h=1, w=4.5. They demonstrate

influence of resonator L on the device characteristics. It is seen that both lower and

13
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upper frequencies of the range depend on this parameter. The length increase
decreases both frequencies.

The reflection coefficient behavior in dependence on resonator length
demonstrates the main factors that determine operating frequency range of the device.

The resonator input impedance has inductive character when f — Oand it causes

mismatching of the array because inductive impedance tends to zero under these
conditions.

We should note that inductivity value depends on the resonator dimensions:
length L and height H . It increases proportionally dimensions and thus lower
frequency moves down.

On the other hand increase of the length L influences on the device behavior at
high frequencies. Here we understand under high frequencies such frequencies when
the resonator dimensions are comparable with half wavelength. The dominant mode
of the resonator is excited in this range. Input impedance of the resonator tends to
zero at the resonance frequency and shunts lumped source. It causes reflection
coefficient growth that determines upper operating frequency. Appearance of the
resonance at high frequencies is well visible from curve 1 in fig. 5.

Curves 1 — 3 in fig. 6 are obtained for L=14, H=10,12,14, d=0.5, Py=15, h=1,
w=4.5. They demonstrate dependence of transition characteristics on height H. It is
analogous to dependence on resonator length: increase of this parameter
simultaneously decreases upper and lower edges of the operating frequency range.

For verification of the described above approximate transition model we
analyzed the same structure with help of a standard system of electromagnetic
simulation High Frequency System Simulator (HFSS). The transition model is shown
in fig. 7. It has two ports: lumped and wave one located on the front surface of the
model (see fig. 7).

Curves 1,2 in fig. 8 are obtained for L=14, H=14, d=0.5, P, =15, h=1, w=4.5
with help of approximate model and finite elements method realized in HFSS
respectively. One may see good agreement between two curves. Some difference

between them is visible in the central part of frequency range. However reflection

14
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coefficient is small at these frequencies. Edges of the operating frequency range

determined with help of approximate model are in a very good agreement with results

of HFSS simulations.

wavé port
‘ ¢
Fig. 7. Transition model.
S 0
11

dB

-10

=20

-30 1

40 0 1 2 3 4 5 ] 7 8 9 10

f, GHz
Fig. 8. Reflection coefficient frequency dependence: 1 — approximate model, 2 —

numerical simulation.
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Conclusions

Results presented above demonstrate high efficiency and good tolerance of the
approximate analytic-numerical model. It may be used for fast analysis of PPW
excitation by an array of lumped sources. Results presented above correspond to
quasi-periodical regime. However this solution may be also applied for analysis of

PPW excitation by one array element with help of solution integration over variable

K, in accordance with the known relations [13].

The work is performed in frame of state order (project 0030-2019-0014) and is
supported by Russian Foundation of Base Researches (project No.18-07-00655 a).
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