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Abstract — Resonant antennas, such as patch
antennas, can be directly modulated with high
speed switch devices that were integrated onto the
radiation aperture, as the radiation can be turned on
or shut off in real-time. Such an antenna is found
to be able to radiate pulses with rich spectrum
components far beyond the antenna’s originally
defined bandwidth. In this paper, the efficiency
bandwidth product of such an antenna is examined
to determine whether it can potentially surpass the
usual limit defined by the antenna quality factor.
For this purpose, a thorough study on the time-
varying behavior of a directly modulated
microstrip patch antenna is carried out. The
theoretical performance of such an antenna in its
radiation power and efficiency is discussed. The
time-domain analysis starts with the transmission
line model of the patch antenna and the equivalent
circuit models. A full-wave Finite Difference Time
Domain (FDTD) code that incorporates time-
varying switching devices in its mesh is then used
to simulate the dynamics of the antenna. The study
has demonstrated the capability of improving the
radiation efficiency and bandwidth performance
over the conventional 1/Q limit, with the so-called
Direct Antenna Modulation (DAM) technique.

Index Terms —Direct antenna modulation,
impulse radio, switched resonator, time-varying
systems and ultra-wideband antennas.

I. INTRODUCTION
Ultra-Wideband (UWB)  antennas  are
traditionally designed in the frequency domain by
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enlarging their impedance matching bandwidth.
However, transmitting broadband pulse signals not
only requires the antenna to radiate energy across a
broad spectrum, but also a linear phase response
and a constant radiation pattern over the frequency
band so that the pulse shape is not distorted [1-3].
It is difficult for existing broadband antennas to
meet these requirements, especially when the
antenna dimension is constrained. Recently, Direct
Antenna Modulation (DAM) techniques have been
proposed to radiate pulses from a narrow band
antenna [4-10]. Instead of using the antenna as a
passive component of the transmitter, the antenna
is directly modulated through turning on and off
the integrated switch devices. Different from those
in reconfigurable antennas [11-15], the purpose of
using switching devices on the antenna in DAM
systems, is to create boundary conditions that are
varying in real time. A number of experiments [6-
8] have demonstrated that a DAM system with a
switched microwave patch antenna can radiate rich
spectrum components beyond the original antenna
bandwidth limit. Similar techniques have been
proposed and experimented [16-18] for high power
impulse radiations through TEM horn antennas.
With DAM techniques, it is possible to simplify
the design of a broadband wireless transmitter by
transmitting high speed pulses from antennas with
low profiles and simple feeding structures or even
electrically small antennas [19].

This paper is to study the theoretical potential
of the DAM on whether or how it can overcome
the conventional limit of efficiency bandwidth
product in a high-Q antenna system [20]. In a
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conventional antenna system, the antenna gain and
efficiency drops as the radiation bandwidth is
enlarged. In a DAM system, the loss of the
switches certainly degrades the antenna efficiency
to some extent depending on the available
semiconductor technology. An even more
fundamental loss mechanism in DAM is the energy
loss due to the switching action itself, which may
happen when a non-zero-voltage capacitor is short-
circuited or a non-zero-current inductor is open-
circuited. This type of phenomena can not be
predicted by frequency domain analyses, but a
complete study of the time-domain behavior of the
antenna. In this paper, the transient behavior of a
directly modulated microstrip patch antenna is
obtained in the following three steps. First, the
energy building up and release process in the
antenna resonator is observed. Second, a bounce
diagram analysis with the transmission-line
equivalence of the antenna is performed. Lastly, 3-
D full-wave simulations are carried out based on a
Finite Difference Time Domain (FDTD) code that
incorporates non-linear devices in its mesh. From
those analyses, the power and efficiency
performance is  analytically derived and
quantitatively evaluated. It is discovered that the
energy conversion between the storage mode and
radiation mode in time domain dominates the
overall performance of the DAM system. To
achieve high radiation efficiency, one needs to
mount switch devices on one edge of the antenna
and switch them at the zero-voltage moment, in
order to avoid the energy loss due to the switching
action itself. Another interesting phenomenon is
that the instantaneous power of the short pulses
radiated after switching can be greater than the
available source power at the antenna input, which
is related to the pulse compression phenomenon of
switched resonators [21]. Similar phenomena have
also been observed in [16-18].

I1. PHYSICAL PRINCIPLE

A microstrip patch antenna integrated with
switches is used as an example to test the
performance of DAM. The physical structure of
the antenna is illustrated in Fig. 1 (a). The length of
the patch between two radiation edges is
approximately half of a substrate wavelength at the
desired radiation frequency. The antenna is excited
by a single-tone RF source through a feeding
probe, with the frequency coinciding with the
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antenna’s resonant frequency to inject the carrier
energy to the antenna, as shown in Fig. 1 (a). A
number of switch devices, such as diodes or
transistor switches connecting the top patch to the
ground plane are mounted at one of the radiation
edges, while the other edge is connected to the
ground through a perfect conductor strip. The
switches are driven by a modulation signal that
controls the radiation through the biasing voltages.
As it will be explained in the latter sections, short-
circuiting the other radiation edge is to provide a
complete period of continuous radiation. The two
non-radiation edges can be considered to be
terminated by Perfect Magnetic Conductor (PMC).
Thus, the equivalent cavity model of this particular
patch antenna is derived as Fig. 1 (b). When the
switches are turned on, the structure behaves like a
cavity that resonates at the carrier frequency and
supports the TEM mode as its fundamental cavity
mode. The radiation behavior of the antenna under
switching in real-time is determined by both the
antenna’s transient behavior and the device’s
characteristics. A simplified analysis, however, is
possible when the process of energy accumulation
and release in resonant antennas is followed step-
by-step. For example, the following steps are taken
for each radiation/storage cycle:

1. Switches are turned on: the patch antenna
works as a resonator that starts to accumulate
the RF energy at the resonant frequency f: in
the antenna.

2. RF energy is being injected into the antenna
resonator. No radiation is created at this
stage, except the leakage from non-radiation
edges. The antenna operates in a non-

radiating resonant mode, which is
characterized with a half-sinusoid
distribution  spatially in its vertically

polarized electric field, with two zeros at the
edges and the maximum in the center.

3. Energy dissipation in the antenna eventually
reaches the same rate as the energy injection.
Sources of energy dissipation include Ohmic
and dielectric losses of the antenna, leakage
from the non-radiation edges and conduction
loss on switch devices.

4. Switches are turned off: the previous
resonant boundary condition is changed. The
electric field at the radiating slot appears
immediately and starts to form magnetic
currents radiating into the free space. As the

369



370

radiation is from the previously stored
energy that is accumulated to a great amount,
the instantaneous power radiated can be
greater than the injected power through pulse
compression [21].

5. Radiation continues for a certain period
before the discontinuity in the electric field
appears at the radiating aperture. The length
of the patch determines this delay. For
example, the current A/2 design allows the
continuous radiation of one RF cycle without
seeing discontinuity in the radiation. The
radiated spectrum of monopulse is an ultra-
wideband spectrum centered at the injected
carrier frequency.

6. When the switch is kept off for more than
one RF cycle, the radiated wave will change
its phase by 180 degrees for every RF cycle.
The radiated spectrum will now be shifted to
be clusters around the (f./2, 3f./2...), instead
of the original RF frequency, as it is
supported by the A/4 mode and the odd-
integer higher order modes of the patch in
the frequency domain.

7. Switches are turned on again after the
radiation lasts for an integer number of
cycles. The antenna returns to the storage
mode at the original resonant frequency.

Therefore, with switches turned on and off in a
certain pattern through the above steps,
information can be coded into the radiation with
modulation methods, such as pulse width or
position modulations [22].

. Control

Carrier

Control

Fig. 1. (a) Physical structure of the patch antenna
for pulse transmission and (b) equivalent cavity
model of the patch antenna.
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I1I1. TRANSMISSION LINE ANALYSIS

The transmission line equivalence model [23]
applies when only the dominant mode of the patch
is considered and it characterizes the field
underneath the patch as a TEM wave bouncing
back and forth between the two radiation edges.
The model includes the excitation, the short circuit
on one of the edges, the switches on the other edge
and the radiation impedance of the slot on that
edge, as shown in Fig. 2. L is the length of the
patch and L; is the length between the feeding to
the switched edge. Ry is the source impedance in
the excitation, R../R.z is the total on/off resistance
of the switches and G, and B, are the radiation
conductance and susceptance of the radiating slot,
respectively. It is practical to assume R,y >>R,.
When the switches are on, the structure becomes a
transmission-line resonator with both ends short-
circuited. This allows a standing wave between
two edges. Once the switches are turned off, the
resonant condition changes.

Ron/Rofy

Fig. 2. Transmission line model of the switched
mode microstrip antenna.

In order to observe how the field structure
evolves in real time following the switching, the
standing wave is separated into forward and
backward propagating waves and the voltage is
formulated in (1);

O(t,2)=f"(t,2)+ [ (t,2), ()

and
f7(t,z) = A" cos(wt — kz), (2a)
f(t,z)=A cos(wt+kz), (2b)

where 0 <z <L, A" and A" are the amplitudes of
the forward and backward propagating waves.
During the switch-on period, the voltage at the two
edges satisfies the boundary conditions:



D(t,z=0)=0,
which gives:

O(t,z=L)=0, (3)

A =-4". 4)
This also implies that the forward and backward
propagating waves are of equal amplitude and 180-
degree phase difference so that they cancel with
each other completely on two edges. The final
voltage distribution underneath the patch is thus
given by:

D(t,z) = A'[cos(wt — kz) — cos(wt +kz)].  (5)
Once the switches are turned off at the moment ¢,
the boundary condition at the radiation edge
instantly becomes a high impedance value. This
value is approximately given by the radiation
impedance of the slot when the edge capacitance is
neglected. The reflection coefficient at that edge
changes from -1 to approximately 1 and the
backward propagating wave is flipped in polarity
starting from that moment, e.g., 4 ~A4". To
reveal how the field structure changes in time-
domain, bouncing diagrams for both forward and
backward propagating waves are generated as the
functions of both time and position in the
following:

Case l: 1, <t<t,+T/2;

[(t,z) = A" cos(wt —kz) osm%, (6a)
A cos(t k) 0<z<(ZtZhog
(2= i H2 T .-
A cos(wt +kz) (=——LA)<z<=
2 T 2
(6b)
Case2: 1 +T/2<t<t,+T};
A cos(@i—ks)  0<z<( g2y
S 6= t—t iT f% ’
A" cos(at — k: 0 1-H<z< 2
( z)  ( 7 2) z
(7a)

f(t,z2)=A" cos(wt+kz) 0<z< % (7b)

The bouncing diagram is simulated in MATLAB
based on Eq. (6-7) and plotted in Fig. 3 by setting
A'=1. The voltages are combined to demonstrate
the final voltage distribution underneath the patch
at each snapshot. In each plot, the two dashed lines
represent voltage distribution of the forward and
the backward propagating waves at a time snapshot
along the longitudinal direction, while the solid
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line indicates the combined voltage. The first plot
shows a standing wave pattern as the result of the
antenna resonance at the beginning of the time
coordinate. Immediately after that, the switches are
turned off and the instantancous voltage
distribution is plotted for every quarter of the
carrier cycle, as displayed in Fig. 3 (b-f).

It is evident that the voltage at the radiation
edge is no longer zero after the switches are turned
off, but given by the constructive summation of the
two waves. This indicates the emergence of the
radiation associated with a non-zero magnetic
current on that edge. The magnetic current behaves
as a sinusoid function of time and lasts
continuously for one RF cycle, as shown in Fig. 3
(b-f). There will be a 180 degree phase shift in the
magnetic current after one RF cycle and if the
switches remain off, as the voltage discontinuity in
the backward wave resulting from switching action
arrives at the radiation edge after it has traveled a
round trip through the transmission line. Therefore,
the switches should be turned on right before the
discontinuity happens so that the magnetic current
appears as a complete monocycle pulse on the
radiating slot. The radiated field is directly related
to the magnetic current and should also be a pulse.
Therefore, if the edge capacitance is neglected, the
radiation can rapidly start and stop without the
typical delay caused by the high-Q bandpass
behavior of the patch antenna.

05 o 02 03 07 05 0 01 02 03 04 05

(a) =0T (switch on) (b) t=0"T (switch off)

P 1 e o
0 0.1 02 03 04 05 0 0.1 0.2 03 0.4 05

(c) t=1/4T (d)t=1/2T
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(f) t=IT

) 0.1 0.2 0.3 0.4

(e) 1=3/4T

Fig. 3. Time variation of the voltage distribution
along the longitudinal direction underneath the
patch during the switching process (forward —,
backward --- and total —).

IV. PULSE COMPRESSION AND
RADIATION

According to the analysis in section II, the
instantaneous power from the antenna in a DAM
system radiated immediately after the switches are
turned off, which is determined by the initial
energy stored in the non-radiating mode. The
amount of stored energy is related to the charging
time and the Q-factor of the antenna resonator for
the switch-on case. If lower on-resistance switches
(higher Q-factors) and longer charge times are
used, the instantaneously radiated power over a
short duration can be greater than that of
conventional patch antennas driven by a single-
tone carrier. This is the so-called pulse
compression phenomenon which exists in many
switched resonant structures and has been well
described in [20]. For the same amount of input
power, one may define the pulse compression gain
as the ratio between the instantaneously radiated
power during the pulse-on period in the DAM
scheme, versus the radiated power in a
conventional antenna. The pulse compression gain
generally increases when a longer charging time is
used until the antenna resonator is fully charged,
whereas the maximum pulse compression gain is
reached. The maximum achievable pulse
compression gain is related to the energy storage
capacity of the antenna. For an antenna represented
by the transmission line model in Fig. 2, the
maximum pulse compression gain is derived to be
[See Appendix IJ:

Z

G = . 8
pulse,max R R ( )

on”r

ACES JOURNAL, Vol. 29, No. 5, MAY 2014

The maximum pulse compression gain is higher
than 1 when the following condition is satisfied:
Z)

R, < ©)
which necessitates high-speed and low-resistance
switches. The gain does not come from any active
device, but from the energy compression into
shorter time duration by the direct antenna
modulation scheme. The pulse compression gain
relationship denoted by (8) can be generalized in
terms of the Q factors of the antenna resonator.
The antenna operates alternatively between the
storage phase and the radiation phase. In the
storage phase, the switches are on and the field
behaves in a half wavelength transmission line
resonator mode, while in the radiation phase the
switches are turned off and the field follows a
quarter-wave transmission line resonator mode. By
ignoring the edge susceptance, one can find that
the Q factors of the transmission line resonators for
the switch-on and off cases are given by:

0, = %5—0 (switch on or pulse off)
on 1
T R . (10)
0, =——" (switch off or pulse on)
Y47z,
In conjunction with (8), it leads to:
9
Gusemax:i’ 11
pulse, Qoﬁ ( )

which is a general expression of the pulse
compression gain independent of antenna
structures. From (11), it is obvious that in order to
achieve a high pulse compression gain, one needs
to keep the highest possible Q in the storage mode
and the lowest possible Q in the radiation mode.
The former requires minimizing the dissipation of
the antenna cavity associated with the metal loss,
dielectric loss and the switch-on resistance, as well
as the leakage from the non-radiation edges. The
latter is determined by how easily the antenna can
couple the energy into the free space, on which
regular bandwidth enhancement techniques such as
using lower dielectric constants, wider patches and
thicker substrates can be applied.

V. RADIATION EFFICIENCY ANALYSIS

It is well known that the efficiency bandwidth
product in a conventional resonant antenna is
approximately given by the inverse of the Q-factor



of the antenna [21]. One of essential merits of a
DAM system is its better efficiency and bandwidth
tradeoff relationship in transmission than that of
conventional antennas, at the price of requiring
special radiation waveforms and modulation
formats. To obtain an efficiency bandwidth
product greater than the usual limit, the switched
patch antenna shown in Fig. 1 must radiate pulses
for integer number of RF cycles. The position and
the repetition rate of the pulses can be coded with
the information to be transmitted [22]. Differing
from conventional antennas, the radiation
efficiency of a DAM system is defined as the ratio
of the total radiated energy during the radiation

period of each pulse 7, .., to the total injected

energy into the patch antenna during each Pulse
Repetition Period (PRP). For pulse width or pulse
position modulations, the data rate C is related to
PRP as follows:
2 .
C = orp (bits | s). (12)
The radiation efficiency can be evaluated by
analyzing the charging and discharging behavior,
based on the equivalent circuit models of the
antenna during switch-on and off states. The
complete derivation of the radiation efficiency of
the DAM system based on the switched patch
antenna is included in Appendix II. It concludes
that the radiation efficiency for a given data rate C
is as follows:
1

Eff, =
T2 %, (13)
5 CT;‘,pulse Qon

¢ is the radiation-to-loss ratio of the radiation slot,
defined as the total radiated energy over the total
energy lost from the antenna in each RF cycle,
including both the effective RF radiation and the
dissipation caused by the switching action itself. A
less than unit ¢ indicates the dissipation of energy
stored in the parasitic reactance surrounding the
radiation slot due to the switching action, in the
form of either spiky current flowing through the
switch devices or spurious radiation into the free

space. O,,and Q,; are the intrinsic quality factors

of the patch antenna resonator in the charging and
discharging modes. (13) indicates that the
maximum radiation efficiency of the DAM system
is limited by the radiation-to-loss ratio & of the
radiation edge. As the parasitic reactance of the
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radiation edge is often capacitive, one could
maximize ¢ by switching at the zero voltage
moment if the carrier and the switching control can
be synchronized with a phase locked loop. The
zero voltage switching principle is similar to that in
a high efficiency Class-E power amplifier [24]. In
general, however, it is hard to achieve a high & for
the patch antenna due to the complex nature of the
parasitic effect at the radiation edge. Beside the

limitation of &, either higher ratio of O, to O, or

higher data rate C helps to achieve higher radiation
efficiency, in contrast to a conventional antenna
system where smaller bandwidth results in better
efficiency. This is because the efficiency
degradation in a DAM system is mainly caused by
the resistive dissipation of switch devices. The loss
is more significant when a longer charging period
or PRP is used.

VI. SIMULATION RESULTS

To predict the performance of a DAM system,
one needs to observe the interactions of waves and
devices in the time-domain. For this purpose, a 3-D
full wave simulator that incorporates switch
models and resistive voltage sources is developed
based on the extension of conventional 3-D
dimensional FDTD algorithms [25]. A perfectly
matched layer boundary condition is chosen to
truncate the FDTD lattices. The time-domain near-
to-far-field transformation approach described in
[25], is implemented to obtain the time-domain
radiation waveforms in the far field. The patch
antenna is with dimensions of [=40.64 mm,
W=80.77 mm, H=1.524 mm and the dielectric
constant of the substrate & = 2.33. 20 RF switch
devices are mounted in parallel with uniform
spacing 2.322 mm on the radiation edge of the
antenna. Each RF switch device is chosen to have
0.2 Q switch-on resistance and 2 MQ switch-off
resistance; therefore, the total switch-on/off
resistance of the edge is 0.01 Q and 20 kQ,
respectively. The resonant frequency during the
switch-on period is 2.414 GHz. Figure 4 shows the
FDTD simulation setup of the switched patch
antenna. The antenna structure is discretized into
20x21x1 cells along X, Y and Z directions with the
unit cell size of 2.032x2.322x1.524 mm>. The
corresponding time step is At =3.6ps, which
satisfies the Curant’s stability criterion. 10-layer
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Uniaxial Perfect Matched Layer (UPML) boundary
conditions are used to truncate the FDTD lattices,
which are placed at 16 cells away from the six
sides of the antenna structure. The switching
behavior is simulated by assuming the resistance of
the switch varies from the switch-on value to the
switch-off value according to an exponential
function or vice versa. The transition time is 0.054
ns, which is about 1/8" of the RF carrier cycle. The
voltage source supplies a RF voltage of +/-10V and
the source impedance of 160 Q is used. The source
is placed at the position shown in Fig. 5 to provide
critical coupling at the feeding point to the antenna
cavity. This means a perfect impedance match is
obtained between the source and the load, e.g., the
on-resistance of the switches in the steady state.
Both RF switches and resistive voltage sources are
formulated according to the modified FDTD
updating equations for lumped element circuits in
[25].

Both the original patch antenna and its cavity
equivalent version in Fig. 1 are simulated.
However, the strong leakage in the non-radiating
slots in the original antenna limits the amount of
energy storage during the switch-on period. Very
little pulse compression gain (~2 dB maximum)
can be achieved. To demonstrate a strong pulse
compression effect, PMC boundary is placed at a
half cell away from the two non-radiation edges to
block the leakage from the non-radiating slots.
Therefore, it is the patch antenna cavity in Fig. 1
(b) that is discussed in the following paragraphs. In
practice, one may suppress the leakage by loading
ferrite strips or placing multiple identical patches
close to each other, side by side, to take advantage
of the anti-phase property of the slots on both
sides. To test the transient behavior of the antenna,
it was first switched into the cavity mode to
accumulate the input energy for about 253.6 ns. It
is then switched to the radiating mode to radiate a
single cycle of RF pulse (monopulse) that lasts for
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0.418 ns. The PRP is 254 ns, which corresponds to
a data rate of around 8 Mbits/s. Figure 5 shows the
voltage waveform at the radiation edge of the patch
for three pulses. It can be seen that the voltage
waveform at the radiation edge appears to be
smoothly regulated monocycle pulses. In order to
calculate the pulse compression gain, one needs to
compute the total radiated power carried by the
pulse Prqg. This is done by integrating the radiated
power at the far field in all directions. In addition
to radiation, the energy lost per switching is
included in the total energy flowing out of the
radiation aperture during the pulse-on period with
the average power of P., .. The radiation-to-loss
ratio & can thus be evaluated as the ratio between
these two. For this particular example, Prag=0.738
W and P, .~4.6 W are obtained from FDTD
simulations, which gives £&=16%. In contrast, the
maximum radiated power of the traditional
microstrip patch antenna fed with the same single
tone RF source i1s 0.078 W. Therefore, the
maximum pulse compression gain is 9.75 dB. An
alternative way in estimating the pulse
compression gain is to first estimate the values of
components in the equivalent transmission line
model in Fig. 2, from the antenna dimensions then
use (8) to evaluate the maximum pulse
compression gain. For this particular example, the
estimated component values are Z,=7.174Q,

R =615 and R =0.01Q. Therefore, the

maximum pulse compression gain estimated by (8)
is 9.15 dB, which agrees well with FDTD
simulation results.

Figure 6 shows the time domain waveform of
the radiated electric field at the broadside of the
microstrip antenna. The distance of the observation
point is r=100Xo, where Ao is the free space
wavelength of the RF carrier. It can be seen that
the pulses appear accordingly in the far field when
the switches are turned off and on periodically.
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PEC Patch cell

20 cells

21 cells

Various resistor

model for switch
Resistive voltage sourcecell PMC cell
Fig. 4. FDTD simulation setup of the switched patch antenna.
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Fig. 5. Voltage waveform at the radiation edge of the switched patch antenna.
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Fig. 6. Electric field waveform in far field at the broadside direction at the distance =100 .

As the waveform of a UWB signal radiated from
an aperture antenna is dominated by the time
derivative of the aperture field or magnetic current
density in theory [26], the zoomed-in picture in
Fig. 6 indeed shows a pulse waveform with
discontinuities at the two edges, that is the time
derivative of the monocylce aperture voltage.

There is residue spurious radiation following the
radiated pulse waveform even after the radiation is
turned off. The spurious radiation is observed to
be at much lower frequencies, which may be
caused by releasing of the energy stored in the
near field outside the antenna cavity after the
switches short circuit the radiation slot. After
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applying a time gate to remove the spurious noise,
the frequency spectrum of the radiated electric
field is shown in Fig. 7. The spectrum has a center
frequency at around 2.77 GHz and a 3 dB
bandwidth of 1.97 GHz, corresponding to a
fractional bandwidth of 71%. It should be noted
that the center frequency of 2.77 GHz in the
radiation spectrum is shifted up from the original
carrier frequency of 2.414 GHz. This is because
the derivative effect in the radiated field adds an
jw slope in the frequency response and emphasizes
more in the higher frequency components. The
center frequency returns to 2.414 GHz if the jw
slope is de-embedded from Fig. 7. Given in Fig. 8
are the radiation patterns at the center frequency,
the lower frequency and the upper frequency
across the 3 dB bandwidth of the spectrum.
Overall, the radiation patterns for the three
examined frequencies are consistent in their
shapes. The E-plane radiation patterns are almost
identical for these three frequencies , though they
are not perfectly symmetrical as only one radiation
slot exists in the proposed microstrip patch
antenna. This asymmetry causes the maximum
radiation direction to shift away from the
broadside to approximately the angle of g _ 5qe.

On the other hand, H-plane radiation patterns are
perfectly symmetrical, while the patterns for
higher frequencies show slightly narrower
beamwidths due to the slightly higher antenna
gains out of the same antenna aperture at higher
frequencies.
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T

o
w
T

Normalized radiation frequency spectrum
o
(=2

o
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N
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Fig. 7. Spectrum of the radiated monocycle pulse.
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—— 1,=2.77Ghz
f,=1.79Ghz
— f,=3.75Ghz

90

270

(b) H-plane

Fig. 8. Radiation patterns of 3 frequency
components of the pulse in: (a) E-plane and (b) H-
plane.

In DAM, one may operate the switched patch
antenna toward higher radiation efficiency instead
of higher pulse compression gain by using shorter
charging time between the radiations. In order to
examine the efficiency performance of the
proposed scheme at different data rates,
monopulses with different PRPs are used for
communications that correspond to data rates up to
800 Mb/s. A comparison is carried out among
three cases, as shown in Fig. 9. In the first case
shown by the solid line, the radiation efficiency is
strictly calculated from FDTD simulations by
taking the ratio between the radiated energy and
the injected energy. In the second case represented
by the dotted line, the quality factors of the
antenna resonator at both storage mode and



radiation mode and the radiation-to-loss ratio are
obtained from the FDTD simulations. Those
parameters are then substituted into (13) to predict
the radiation efficiency. For the microstrip patch
example shown in Fig. 1 (b), FDTD simulations

show that Q,, =1256, O, =167 and &=16%.

The FDTD prediction once again agrees well with
the estimation given by (13). The third case is for
a conventional microstrip patch antenna with the
same physical dimensions as the DAM scheme,
except the switches and the short-circuit is on the
other radiating edge. A PMC boundary is also
used to cover the non-radiating edges in this case.
The efficiency is plotted in the dashed-dotted line.
The radiation Q of the regular microstrip patch
antenna obtained from FDTD simulations is
around 200 at the resonant frequency of 2.4 GHz.
For a conventional patch antenna, the radiation
efficiency is almost 100% at the data rate of 12
Mb/s, as the modulation is within the antenna
bandwidth. However, it is clear that the efficiency
bandwidth product of this antenna is subject to the
1/Q limit, as the radiation efficiency drops quickly
with the increase of the data rate. In contrast, the
radiation efficiency of the proposed switched
patch antenna scheme increases when the data rate
increases and eventually saturates at the radiation-
to-loss ratio of the radiation aperture & =16% . It is
evident that the proposed switched patch antenna
scheme can achieve 2-8 times higher radiation
efficiency than the regular microstrip patch for
data rates of 200 Mb/s and higher.

100 T T T T
i Switched patch antenna (FDTD)

Switched patch antenna (Eq.13)

""""""" Traditional microstrip patch antenna

90’%
80—%
o
60—%
50—!‘1

40l |

Radiation efficiency(%)

30 |

20

0 100 200 300 400 500 600 700 800
C (Mbits/s)

Fig. 9. Comparison of the radiation efficiency
versus data rate between the DAM scheme and the
conventional microstrip patch antenna.
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VII. CONCLUSIONS

The theoretical performance of DAM
technique is analyzed in this paper based on a
switched patch antenna example. A thorough
study on the time-varying behavior and nonlinear
dynamics of this type of antennas has been carried
out. The theoretical potential of the proposed
antenna in terms of its radiation power and
efficiency bandwidth relations have been derived
by using both transmission line models and FDTD
simulations. Both analyses and simulations
demonstrated that the DAM scheme can obtain
radiation efficiency bandwidth product over the
conventional 1/Q limit, as long as pulses with
integer number of RF cycles are transmitted as the
information carrier and zero voltage switching is
applied on the antenna.

Appendix I

For a resonator with a fixed intrinsic quality
factor, one may prove that the electromagnetic
energy stored in a resonator is maximized when
the source impedance R, is equal to the input

impedance R, of the resonator as follows. At the
resonance, the intrinsic quality factor of the cavity

according to the definition is given by:

2w 2w
Q:a)’pm o Q=@ —<, (A1)

loss loss

where @, is the angular resonant frequency of the
cavity, W , W, are the average stored magnetic

and electric energy which are equal to each other
at resonance and P, is the dissipated power

governed by:
1 2 Rin
Ploss =5 VS , (A2)
2 " (Rg+R,)
Substituting (A2) into (Al), the average stored
magnetic/electric energy is given by:

wo=w =Ly Fa (a3
40, ° (Ry+R,)

”

To maximize the average stored magnetic/electric
energy at resonance, the derivative of (A3) with
respect to R, must be zero, e.g.:

ow oW
m_"e —(. (A4)

aIein aRin

By solving (A4), one yields:
Rin = RS * (AS)
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The instantaneously radiated power from the
antenna during the “pulse-on” period can be
approximately obtained through the following
transmission line analysis. To maximize the
clectromagnetic  energy stored, the input
impedance at the feeding position R, should

match to the source impedance R, . Therefore, the

feeding position L, needs to be adjusted to realize

this matching. From the transmission line theory,
the input admittance at the feeding point is given
by:

_v Y, +jY tan(SL) Y,

o=y anpny -y A9

where Y, is the switch-on admittance and Y, is

the transmission line characteristic admittance of
the patch. Substituting the resonance condition

PL = 7 and the condition Y,, >> Y, into (A6), G,
is reduced approximately to:
1y

G ® ST A0 BL)Y. (A7)
Substituting the matching condition R, = R
yields:
i RR
sin(BL,) = Y= (A8)

ZO
which determines the feeding position. When the
switches are on, the voltage distribution along the
equivalent transmission line of the patch follows a
sinusoid function, which means that the voltage
reaches maximum V,, in the middle of the line and
is approximately zero at both ends. Therefore, the
input voltage at the feeding point V; is given by:

V.=V, sin(pL). (A9)

As any standing wave in resonators can be

decomposed into two traveling waves that

propagate toward opposite directions, the

maximum voltage of the standing wave along the

line should be equal to the summation of the

amplitudes of both forward and backward

propagating waves. This gives the amplitude of the
traveling waves:

V,,f:Vm’:le:l . 4 .

2 2 sin(fL,)

The amplitude of incident wave Vedg; at the edge

(A10)

of the switches is equal to Vm+ from the definition

of traveling waves:
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Vedge+ :Vm+ :l . Vl .

2 sin(BL,)
The reflected wave should be approximately equal
to the incident wave in amplitude but with the
opposite sign, so that the total edge voltage is
approximately zero because of the low switch
resistance condition at the edge. After the cavity is
fully charged, the switches are turned off. The
boundary condition at the switch edge suddenly
changes from low impedance to high impedance.
An enhanced aperture field should appear on this
edge right after the switching moment. The
voltage at the edge is thus given by:

Voseo =Vt +V. _=Vedg9+(l+F),

edge edge edge

(Al1)

(A12)

where I' is the reflection coefficient at the edge,
which is determined by the aperture radiation
impedance. The reflection coefficient is given by:

1
G, + jB, o
r=>-r (A13)
1
—— 17,
G, + jB,
thus,
N 2
Ve e :Ve e T 5 A~ 5N A14
toe e Lzo(G,wB,J (A1

The radiation resistance R, =1/G, is usually much
greater than the characteristic impedance Z, for
practical microstrip antennas. Therefore, the
instantaneous voltage at the edge is somehow
“amplified.” The instantaneous power radiated is
given by:

P

1
rad:5|V

edge |2 Gr‘ (AIS)

Substituting (A10) and (A14) into (A15) yields:
1V ZG, 1
2R, R, (1+Z,G) +(Z,B,)

As for an ideal regular patch antenna excited with
a single-tone carrier supply in the same amplitude,

the maximum radiated power is equal to the
2

_R;' Under the assumption

s

. (A16)

rad

injected power P, =

of G,Z,<<1 and B, <<Y,, the maximum pulse
compression gain is thus derived to be:

ZZ
Gpu/se,max = R OR . (A17)

on r




Appendix I1

The equivalent circuits of the antenna in both
charging and discharging states are depicted in
Fig. Al.

; RS. Veu
\\j / \
v(t) = r
V, sin(ogt) ")
o _ 1
r,CH —
’ \/L(, CCH
(a)
RS VD]S
! .’/- 1 \'\
v(t)= Ly |Cos R,
Vi sin(oot) ! Y
1
(b)

Fig. Al. (a) Charging and (b) discharging mode
equivalent circuit models of the switched patch
antenna.

Figure Al (a) represents the charging behavior
of the antenna, where Ry is the source resistance
and R, is the transformed load resistance from the
switch-on resistance of the RF switches; L.; and

Ccy are the equivalent inductance and capacitance
of the switched patch antenna resonator during the
charging mode. The patch antenna resonator is
charged according to the time constant
ey =(Rg I/ R;)C;; . Once the switches are turned
off, the source is removed and the antenna starts to
discharge due to the radiation, as represented by
Fig. Al (b). Assuming that the switch-off
resistance is much greater than the radiation
resistance of the antenna, the discharging time

constant is governed by 7,5 = R,C,,s, where R, is
the radiation resistance of the radiation slot and
C,s is the equivalent capacitance of the switched

patch antenna resonator in the discharging mode.
If the switched patch antenna resonator is excited
at the resonance during the charging mode, with

the resonant frequency @, =, .y, the voltage
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change during the charging time Af., and the
discharging time Af,s can be written as the
follows [20]:

AV = Vois (1) = Ve steaa (Dl 12704) , (A18 (a))
AViis = Ver (10) = Vpis sieans (= Dlpys 1 27p5) , (A18 (b))
where Ve sieasy and Vps siasy stand for the steady

state voltages of the antenna resonator after the
infinite amount of charging and discharging time,

in  which Ven seay =Vs (Rs I Ry +1) and
Viois seaty = 0. Viis(t)) is the initial condition of the
resonator at the switching moment when
discharging ends and charging begins. V(%)) is
the initial condition of the resonator in the
discharging mode, which is the voltage when
charging ends and discharging starts. With the
switching process repeating for a certain period of
time, the voltage changes during the charging and
discharging modes and must settle to be equal, due
to the equilibrium,
AVey = AV pys. (A19)
Under the assumption that the switching speed is
much faster than the resonator bandwidth, the
initial voltages of V,(#) and V(%) can be
approximated by the settling voltage V' :
Vi mVey (1) = Vs () . (A-20)
Substituting Egs. (A18) and (A20) into Eq. (A19):
Ven sieass =Vx) Moy _ Vy Al (A21)
Ten Tpis
Thus, the settling voltage ratio 7., , defined as
the ratio between the settling voltage and the
steady voltage Ve siaqy 1S given by:
Ve 1

77 Settling = v

CH ,Steady

(A22)

1+ %Tﬂ :

Atey Tpis
The charging and discharging time constants can
also be expressed in terms of the intrinsic quality
factors of the patch antenna resonator,
respectively, in the charging and discharging
modes @,, and O,;. The charging time constant
is:

Tey =0, /(RL /Rg + 1)@, oy ), (A23)
where @, 5 = ®, /2 because of the change of
the resonant frequency from the 1/2 mode to the 1/4
mode. The discharging time constant is then
governed by:
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Tpis = Qafféf / (a)r,DIS) , (A24)
as the radiation-to-loss ratio &is defined as the
ratio of the total radiated energy from the per RF
cycle to the total energy loss per RF cycle,
including both the radiation and the loss, due to
the switching action itself. Substituting the
relations Afy =T, ., and Afo, =PRP-T, ,,..;
Eqgs. (A23) and (A24) into (A22) yields:

1
L4 0, (R, /Rs +1) , (A25)
PRP/ T, e —1 ZQ{{ﬁ,f

ﬂSettling - 1

or,
1

N serting = o 1 O, /(R /Rs +1) " (A26)
2/(C7-;‘,pulse) _1 2Qoﬂé:

where C is the data rate of the system which is

related to PRP by:

c=_2_
PRP

(bits/s) . (A27)

(A26) shows that a higher settling operating point
results from a lower data rate or smaller duty cycle
of the radiated pulses, for a given patch antenna
design and matching condition. On the other hand,
the voltage envelop across the resonant LC tank
resulting from the initial charging process is:

Va0 =V [(Ry /R, +1)(1—e™">™ ) (A28)
The voltage finally settling across the LC tank in
the charging mode is thus:

Ve (775ett1ing) =V / (Rs / R, + 1) NSettiing - (A29)
From KCL circuit theory, the total settling current
flowing into the LC tank in charging mode is
given by:

— Msetniing
R,/R, +1
The time-average input power into the LC tank in

the charging mode is:
2

VL 77Settling (1_
2 Rg/R +1° R/R, +1
The time-average dissipated power on the

equivalent resistance R, is:
2

V 77Settlin7
P Y= (YR, . A32
d(USettlmé) 2 (RS /RL +1) L ( )

When the resonator is settling at the highest point
(nSetrling = 1 )7

Loy (775ezr1ing) =Vs( )/ Rs.(A30)

77Settl ing

PCH(USettling = )/RS . (A3 1)
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2 (RS /R, +1
the input power is completely dissipated on the
switches, while the stored energy in the LC tank
reaches its maximum. This is the condition for the
maximum pulse compression gain. However, to
achieve higher radiation efficiency requires
<1, whereas the pulse compression gain

I)CH (USertling: ]) = 1)d (ﬂSett[ing: 1) = )2 / RL s (A3 3)

ﬂSettling
drops accordingly,

Gpulse (ﬂSett/ing ) = ﬂ;ettlinngulse,max . (A3 4)

Based on the definition of the pulse compression
gain, the average radiated power from the
radiation pulse is given by:

P, iise Mserting )=G pulse (775en1mg ), paien . (A35)
A conventional resonant patch antenna has the
same equivalent circuit model as that in Fig. Al
(a), where R, is the transformation of the radiation
impedance of the antenna if other types of loss are
ignored. With the same resistive voltage source as
the switched patch antenna, the maximum radiated
power of the traditional patch antenna P, ., will

be equal to the maximum dissipated power on the
switches of the antenna resonator during the
switch-on period, e.g.:
Pr,parch = Pd (USett/ing = 1) . (A36)

Substituting Eqs. (A34) and (A36) into (A35), the
time-average radiated power for the pulse is
obtained,
Pr, pulse (USettling) =P, d (USettling = I)Gpulse,maxnéettling . (A3 7)
Thus, the total radiated energy is:

E r,pulse (773en1ing )= Pr pulse (n Settling YAt DIS - (A3 8)
It is assumed that the radiation takes a small
portion of the total stored energy away from the
antenna resonator, due to the short radiation
period. Due to energy conservation, the total input
energy into the antenna resonator during the
recharging period is to recuperate the amount of
stored energy that was lost in the previous
discharging state, which is denoted by £, and to
compensate the dissipated energy on the switches
E, during the recharging period at the same time.
By recalling the definition of the radiation
efficiency of the switched patch antenna, we have:

Ef]; (USett/ing) =

Er,pulxe (nSetr/ing)

Erc (ﬂSettling) + Ed (nSeIIIing) .

(A39)



The recuperated energy E,. is equal to the total
stored energy loss during the radiation period
T, e, caused by both the radiation from the

radiation edge and the switching action itself.
Therefore,

Erc (nSett/ing ) = Er.pu[xe (USett/ing ) / 5 . (A4O)

The dissipated energy on the switches during the
recharging period is given by:

E, (’7Seming) =P, (77Sen1ing = l)ﬂéettlingAt cr» (A41)
where,
E, (77sellling )
Py (77settling) - P, (77senling) ‘

After substituting Eqs. (A38), (A40), (A26) and
(A39) into (13) and some additional mathematical
manipulations, the radiation efficiency of the pulse

At = (A42)

transmission scheme based on the switched
resonant patch antenna in Fig. 1 is finally
obtained,
g
Eff, =
e 2 _1)2Q,wf. (A43)
C]-'r,pulxe Qr)n
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