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Letter-shaped microstrip ground slots

AMR M. E. SAFWAT

This paper proposes a systematic approach for designing and modeling letter-shaped microstrip ground slots. Twenty-three
structures are investigated. For each one, a geometrical circuit model is developed. Interestingly, 21 letters have unique s-
parameters (electromagnetic [EM] print). Results are confirmed by EM simulations and measurements. These results may
pave the way to new applications, e.g. microwave character recognition, letter-based microwave circuits, or new radio fre-

quency identification (RFID) structures
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. INTRODUCTION

Slots in planar transmission lines, according to their radiation
characteristics, may act as antennas [1] or filters [2]. In
addition, they can provide high permeability as in slow wave
transmission lines [3], and negative permeability as in electro-
magnetic (EM) band gap [4] and composite right-/left-handed
structures [5].

In the quest for compact size and low resonant slots, several
shapes were proposed: rectangular dumbbell-shaped slot also
known as “defected” ground structure (DGS) [1], circular and
arrow dumbbell [6], E, H, L, and U shapes [7-10], and recon-
figurable and tunable DGS [11-13]. Although these structures
shared common features, however, each one had a unique res-
onant behavior. Interestingly, correlation between these struc-
tures has not yet been investigated.

In terms of modeling, a simple RLC parallel resonant
circuit was sufficient to capture the resonance behavior of
the slot [1]. However, this model could not describe the spur-
ious frequencies that were attributed to the distributed nature
of the slots [14]. Therefore, geometrical models based on
transmission lines were proposed in [15-18] to explain the
slot behavior over wide bandwidth. Yet and due to their
complex configurations, several proposed slot shapes still
lack simple geometrical circuit models.

In this paper, a systematic approach for designing and
modeling letter-shaped microstrip ground slots is proposed.
Twenty-three letters are patterned using 16 microstrip
ground slots. For each letter, a geometrical circuit model is
proposed. The structures are EM simulated and, in some
cases, they are measured. Good agreement is achieved
between EM and circuit simulations, and measurements.
Interestingly, several characters have their own EM print.
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. THEORY

The proposed procedure of patterning a letter on the ground of
a microstrip line, shown in Fig. 1(a), is very similar to the tra-
ditional seven-segment display, however, the seven segments
are replaced by 16 segments as shown in Fig. 1(b). Each has
0.5 mm width. The length of the slot depends on its location.
Slots in the transverse direction have 10 mm length, those in
the longitudinal direction have 5 mm length, and those in
the diagonal direction have 11.2 mm length. Letters are con-
structed using the appropriate combination of these slots,
e.g. Fig. 1(c) shows letters A (eight slots) and K (four slots).
In this paper, 23 letters are investigated. They are A, B, C, D,
EFGHLJLKLMNPRSTUW,XY,and Z
Letters O, Q, and V are not studied since they look similar
to letters D and U, respectively.

The geometrical circuit models of these structures are
divided, according to the type of the transition, into two cat-
egories. (1) Transitions with single mode where the slot is in
the transverse direction, as shown in Fig. 2(a). This is a
microstrip-to-slot line transition [18] as the current distri-
bution on the ground indicates. (2) Transitions with two
modes where the slot is in the longitudinal direction and it
is etched beneath the strip symmetrically. Along the slot, the
structure has three conductors, one on the top layer and two
on the bottom layer, hence two modes that have even and
odd symmetry, as shown in Fig. 3, can co-exist.

Simulations of the geometrical circuit models are shown in
Figs 4 and 5, which also show the schematic of the letter in the
inset. The height of the substrate is 1.6 mm and the relative
dielectric constant is 4.4. The host microstrip line has
2.8 mm width and 40 mm length. For simplicity, both dielec-
tric and conductor losses were neglected. To confirm the
theory, the structures were simulated on the commercial EM
software HFSS version13. The EM simulated s-parameters
are also shown in Figs 4 and 5. The good agreement
between the EM and circuit simulations indicates that the
models are capable of capturing the main features of the struc-
tures. In the next sections, a quantitative description of the
geometrical models is presented.
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Fig. 1. (a) Conventional microstrip line, (b) locations of the slots to generate the letter-shaped structures, (c) letters A and K as drawn in HFSS.

(a) () Zcs, Eefis
ﬂ L1 L2 H
{

Z., Eeff

| N

Fig. 2. (a) L-shaped slot, L, and L, (dotted lines) are the lengths of the two
stubs, dark solid line shows the direction of the current, (b) equivalent
circuit model, Z,, Z are the characteristic impedances of the host line and
slot line stub, respectively, and e, € are the effective dielectric constants
of the host line and slot line stub, respectively.
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Fig. 3. (a) Microstrip line with a slot in the longitudinal direction, (b) even and
odd modes at the cross section AA’.

A) Category I: transitions with single mode

This category has the following letters: C, D, ], K, L, M, N, T,
U, W, X, Y, and Z. Figure 2 shows the letter “L” when pat-
terned on the ground. The current, shown in solid line, indi-
cates two series stubs connected in parallel. In this case, the
lengths of the stubs, L, and L,, are 10 and 20 mm, respectively,
and the characteristic impedance, Z_, is 100 (), and the effec-
tive dielectric constant, ., is 2.3 corresponding to 0.5 mm
slot width.

While the widths of the stubs are constant, their lengths
and number depend on the letter. For example, letter C,
shown in Fig. 4(c), has two identical stubs, similarly, are the
letters I and Z, shown in Figs 4(g) and s5(i), respectively.
Some letters have more than two stubs at the transition.
Letter K has four stubs, two have 10 mm length and two
have 11.2 mm length. They are parallel to each other and
are connected in series to the host line. Letter X has four iden-
tical stubs each has 11.2 mm length, and letter Y has three
stubs, two have 11.2 mm length and the third one has
10 mm length.

Some letters in this category have more than one transition.
Letters M and U have two transitions and letters N and W
have three transitions. Since there is a single mode at these
transitions, the model still holds. For example, letter N has
three transitions, separated by 5 mm. Each transition consists
of two stubs connected in series to the transmission line and
parallel to each other, ie. there are six stubs connected

https://doi.org/10.1017/51759078712000426 Published online by Cambridge University Press

together to form the letter N. Letter M has the same
number of stubs, however, the connection is different.
Similarly, is the case of letter W.

B) Category II: transitions with two modes

This category has the following letters: A, B, E, F, G, H, P, R,
and S. They are all characterized by the presence of a slot
beneath the strip symmetrically and in the longitudinal direc-
tion. Other slots are in the transverse direction and they form
with the former slot a cross transition as shown in Fig. 6(a).
The equivalent circuit of this transition relies on the present
modes. As explained earlier, a slot in the longitudinal direction
allows the generation of two modes that posses even and odd
symmetry. At the cross transition, these two modes transform
to the slot line mode and vice versa. By applying Kirchoff’s
current law and Kirchoff’s voltage law as shown in Fig. 6(b)
the following voltage and current equations are obtained:

Voo — V.
Vsu = (V,z - Ve,1) - %: (1)
Vo, - VD,l
Vsb - (V,z - Ve,1) + 2 2—1 (2)
I I
Isa = loa — 52— _IO,I - > (3)
2 2
Ie, Ie,l
Isb = _Io,z = = ID)I +—, (4)
2 2

where V. ,, V,,, V., and V, , are the even and odd voltages at
ports 1 and 2, respectively, I, I, ;> I.,, and I, , are the even
and odd currents at ports 1 and 2, respectively, Vi, Vi, L
and I, are the voltages and currents at the two slot lines.
These equations are identical to those presented in [19],
where a coplanar waveguide (CPW) to slot line cross tran-
sition was proposed. This is expected since a microstrip on
a slot can be seen as a CPW that has the center conductor
located on the top layer of the substrate while the ground is
located on the bottom layer. Accordingly, the equivalent
circuit model proposed in [19] and shown in Fig. 6(c) corre-
sponds to a microstrip-to-slot line cross transition as well.
This transition reduces to a simple microstrip-to-slot line
one, category I, when the letters are symmetric with respect
to the strip, e.g. letters B, E, and H. In these structures, the
odd mode does not exist, and the slot, which lies beneath
the strip, changes slightly the characteristic impedance of
the transmission line that connects the two transitions.
Nevertheless, this effect is negligible since the slot width is
small. For 0.5 mm slot width the characteristic impedance of
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Fig. 4. Circuit versus EM simulations for different letter-shaped microstrip ground slots, the inset shows the structure schematic.

the host line, Z,, is 54 (), which is very close to a microstrip
without slot, Z, is 52 (), and the effective dielectric constant,
gq which is equal to 3.4, does not change. This explains
why letters B and E behave identical to letters D and C,
respectively.

Letter F, shown in Fig. 4(d), is not symmetric with respect
to the strip and, hence, the odd mode is generated. At the left
transition, one port has a microstrip mode that has even sym-
metry, i.e. the odd mode is short circuited in the circuit model.
The two slot lines in the transverse direction form two stubs of
different lengths (20 and 10 mm, respectively). The other port,
which has the slot in the longitudinal direction, has the even
and odd modes. Their characteristic impedances, Z., and
Z0 are 54 and 100 (), respectively, and their dielectric con-
stants, ge, and &, are 3.4 and 2.3, respectively. The two
modes propagate a distance that is equal to the length of the
slot (10 mm = 2 X 5 mm). At its end, there is a second tran-
sition. The two slot lines have zero length and are short
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circuited, similarly is the odd mode, and the even mode trans-
forms back to the microstrip mode.

Letter S, shown in Fig. 5(c), is similar to letter F. However
at the left transition, there is one slot line, the other one is
short circuited. The even and odd modes in the longitudinal
slot propagate 10 mm (2 x 5 mm). At the second transition,
there is also one slot line, the odd mode is short circuited,
and the even mode transforms back to the microstrip mode.

Letters A, P, and R, shown in Figs 4(a), 5(a), and s5(b)
respectively, are asymmetric as well. Hence, the odd mode is
present. Moreover, they share an extra common feature that
is the presence of a rectangular slot line loop that connects
the two transitions. Three arms of the loop are slot lines,
each has 10 mm length, and the fourth arm is the slot
beneath the strip. Letter P is the basic structure in this
group. It consists of the loop and a 10 mm length short-
circuited slot line connected to the first transition. Letter A
is identical to letter P except that it has an extra 10 mm slot
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Fig. 5. Circuit versus EM simulations for the rest of the letter-shaped microstrip ground slots, the inset shows the schematic structure.

line at the second transition. Letter R is similar to letter P, in
addition it has a third transition located at the middle of the
slot beneath the strip. Connected to this transition is an
extra slot line that has 11.2 mm length.

Letter G, shown in Fig. 4(e), belongs to categories I and II.
The first transition, the one at the left, is a simple
microstrip-to-slot line transition, category I. The two slot
lines form two stubs, one is short circuited and has 20 mm
length and the second is connected to the third transition.
The second transition is after 5 mm, the microstrip mode
transforms to the even and odd modes due to the presence
of the slot. At this transition, the slot lines have zero length
and they are short circuited. The third transition appears
after another 5 mm. One slot line has zero length, the

second slot line, which has 30 mm length, is connected to
the first transition, and the odd mode is short circuited.

C) Discussion

In general, the equivalent circuit models agree well with the
EM simulations. However, little discrepancies appear in
some simulations. These may be due to the following
reasons: the circuit models are implemented on microstrip,
while the slot lines are modeled as four-terminal transmission
lines that have constant characteristic impedance and effective
dielectric constant. Consequently, dispersion effects in slot
lines are not considered. Also, the circuit models, and for
the sake of simplicity, do not take into account the effect of
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Fig. 6. (a) Microstrip line with cross slot, (b) voltages and currents distribution on the top and bottom conductors, for the sake of clarity the width of the slot is
exaggerated to look wider than the strip, (c) equivalent circuit model of the transition.
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Fig. 7. EM simulations versus measurements, inset shows the fabricated structure.

the discontinuities, e.g. slot line bend. These simplifications
result in a frequency shift between circuit and EM simulations.
Fortunately, this effect appears in most of the structures after
6 GHz.

Dielectric and conductor losses are neglected in both
circuit and EM simulations. However, in the latter the struc-
tures are surrounded by a radiation box, hence, radiation
losses are included. This affects the magnitude of the
s-parameters for letters B, D, and P as the presence of a
closed loop increases radiation.

In letters X and Y, the slots are very close at the transition
and, hence, they couple. The coupling reduces in the trans-
verse direction because the separation between the slot lines
increases. This coupling manifests itself as a notch in the
s-parameters. Fortunately, the coupling is not significant as
the notch is very small.

D) Applications

Several structures behave as band stop filters, e.g. letters C, E,
I, X, and Z are single band stop filters, letters J, K, L, T, and Y
are dual band stop filters, letters F, G, and S are triple band
stop filters, and letter H is a wide band stop filter. Other
letters, e.g. B, D, and P have good radiation characteristics.
Due to the circuit models, novel applications can also be fore-
seen, e.g. a word that has a specific frequency response or new
radio frequency identification (RFID) structures.

. EXPERIMENTAL VERIFICATION

Six structures are fabricated on FR4 (h = 1.6 mm, &, = 4.4,
and tan 6 = 0.02). They are: A, F, N, R, U, and X, i.e. three
structures from category I and three structures from category
I1. In the EM simulations, both dielectric and conductor losses
are included. Figure 7 shows the EM simulations and
measurements. Very good agreement is achieved. Results are
consistent with circuit simulations, which confirm the devel-
oped theory.
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I'vV. CONCLUSION

Twenty-three letter-shaped structures were patterned on
microstrip ground. For every structure, a geometrical circuit
model based on novel microstrip-to-slot line transitions was
developed. Results were compared with EM simulations.
Good agreement was observed. Among these structures, 21
have unique EM behavior (EM print). Six structures were fab-
ricated and measured. Measurements are in a very good agree-
ment with theory. This new concept may pave the way to
realize other structures and new applications, e.g. EM-based
character recognition or new RFID structures.

REFERENCES

[1] Guha, D. Biswas, S; Biswas, M.; Siddiqui, J.Y.; Antar,
Y.M.M.: Concentric ring-shaped defected ground structures for
microstrip applications. IEEE Antennas Wirel. Propag. Lett, 5
(2006), 402-405.

[2] Ahn, D, Park, J.S;; Kim, C.S;; Qian, Y,; Itoh, T.: A design of the
lowpass filter using the novel microstrip defected ground structure.
IEEE Trans. Microw. Theory Tech., 49 (2001), 86-93.

[3] Safwat, AM.E,; Tretyakov, S.; Raisanen, A.: High impedance wire.
IEEE Antennas Wirel. Propag. Lett., 6 (2007), 631-634.

=

Hamad, E.K.I; Safwat, A.M.E; Omar, A.: Controlled capacitance
and inductance behavior of L-shaped defected ground structure
for coplanar waveguide. IEE Microw. Antennas Propag., 152
(2005), 299-304.

[5] Safwat, A.ML.E.: Dual mode composite right-left handed unit cells. J.
Appl. Phys. A, 103 (2011), 537-540.

[6] Rahman, A; Verma, A.K; Boutejdar, A; Omar, A.S.: Control of
bandstop response of Hi-Lo microstrip low-pass filter using slot in
ground plane. IEEE Trans. Microw. Theory Tech., 52 (2004),
1008-1013.

[7] Huang, S.Y.; Lee, Y.H.: A compact E-Shaped patterned ground struc-
ture and its applications to tunable bandstop resonator. IEEE Trans.
Microw. Theory Tech., 57 (2009), 657-665.

527


https://doi.org/10.1017/S1759078712000426

528

AMR M. E. SAFWAT

[8] Boutejdar, A.; Amari, S.; Elsherbini, A.; Omar, A.S.: A novel lowpass
filter with ultra-wide stopband and improved Q-factor performance
using H-defected ground structure (DGS), in IEEE AP-S/USNC/
URSI National Radio Science Int. Symp., Honolulu, HI, USA, 2007.

<

Hamad, E.K.L; Safwat, A.M.E.; Omar, A.: L-shaped defected ground
structure for coplanar waveguide, in IEEE AP-S/USNC/URSI
National Radio Science Int. Symp., Washington DC, USA, 2005.

[10] Boutejdar, A.; Batmanov, A.; Awida, M.H.; Burte, E.P.; Omar, A.:
Design of a new bandpass filter with sharp transition band using
multilayer-technique and U-defected ground structure. IET
Microw., Antennas Propag., 4 (2010), 1415-1420.

[11] Safwat, AMLE,; Podevin, F.; Ferrari, P.; Vilcot, A.: Tunable band-stop
defected ground structure resonator using reconfigurable dumbbell
shaped coplanar waveguide. IEEE Trans. Microw. Theory Tech.,
54 (2006), 3559-3564.

[12] Hamad, E.K.L; Safwat, AM.E; Omar, A.: A MEMS reconfigurable
DGS resonator for K-band applications. IEEE J. Microelectromech.
Syst. (J-MEMS), 15 (2006), 756-762.

[13] El-Shaarawy, H.B; Coccetti, F.; Plana, R;; El-Said, M.; Hashish, E.A.:
Novel reconfigurable defected ground structure resonator on copla-
nar waveguide. IEEE Trans. Antennas Propag., 58 (2010), 3622-
3628.

[14] Hong, J.; Karyamapudi, B.M.: A general circuit model for defected
ground structures in planar transmission lines. IEEE Microw.
Wirel. Compon. Lett., 15 (2005), 706-708.

Caloz, C.; Okabe, H.; Iwai, T'; Itoh, T.: A simple and accurate model
for microstrip structures with slotted ground plane. IEEE Microw.
Wirel. Compon. Lett., 14 (2004), 133-135.

[15

[16] Kim, H.M.,; Lee, B.: Bandgap and slow/fast-wave characteristics of
defected ground structures (DGSs) including left-handed features.
IEEE Trans. Microw. Theory Tech., 54 (2006), 3113-3120.

https://doi.org/10.1017/51759078712000426 Published online by Cambridge University Press

[17] Cheng, H.; Tsai, CH.; Wu, T.L.: A novel time domain method to
extract equivalent circuit model of patterned ground structures.
IEEE Microw. Wirel. Compon. Lett., 20 (2010), 486-488.

[18] Safwat, AM.E,; Tretyakov, S.; Raisanen, A.: Defected-ground and
patch-loaded planar transmission lines. IET Microw., Antennas
Propag., 3 (2009), 195-204.

[19] Ribo, M.; Pradell, L.: Circuit model for a coplanar-slot line cross.
IEEE Microw. Wirel. Compon. Lett., 10 (2000), 511-513.

Amr M. E. Safwat received the B.Sc. and
M.Sc. from Ain Shams University in
1993 and 1997, respectively, and the
Ph.D. from University of Maryland at
College Park, in 2001 in electrical engin-
eering. From August 2001 to August
2002, he was with Cascade Microtech
Inc. In August 2002, he joined the Elec-
tronics and Communication Engineer-
ing Department, Ain Shams University, where he is
currently an associate professor. Dr. Safwat had held visiting
professor positions at the Otto-Von-Guericke University,
Magdeburg, Germany (September 4-November 4), the “Insti-
tut National Polytechnique de Grenoble”, Grenoble, France
(September 5-November 5), and the Radio Laboratory and
MilliLab, Helsinki University of Technology, Finland (July
6-June 7). In 2008, he was awarded the Egyptian encourage-
ment state prize for engineering sciences. His research inter-
ests include metamaterial, microwave passive planar
structures, and microwave photonics.


https://doi.org/10.1017/S1759078712000426

