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Skyler Selvin, Rui Zhu, and Ethan Wang



Introduction

Direct Antenna Modulation (DAM) eliminates some of the fundamental performance restrictions of an
electrically small antenna. Conventionally, small antennas are driven with a tank circuit, and modulated
by simply switching the power input to the circuit. DAM, however, modulates the signal by directly
switching the current on the antenna. This creates a time variation in the topology of the resonant circuit
and allows DAM to surpass the fundamental limits that describe time invariant systems.

This time-domain modification of the resonance circuit increases the bandwidth of the transmitter without
effecting Q,, the quality factor of the tank. (1) shows the bandwidth of a system that uses traditional
modulation techniques, and (2) shows the improved bandwidth using a DAM system, where f, is the
center frequency and B is the bandwidth.

fo 1)

Btraditional <
Qoo

BDAM =< fO (2)

Due to the Chu-Harrington limit, electrically small antennas have small radiation resistance compared to
reactance, and most of the input energy is stored in the near field. Any resistive loss in the driver circuitry
is usually much greater than the radiation resistance itself, resulting in a relatively low emission efficiency
n. The efficiency of a time invariant small antenna system is as follows, where Wy is the reactive energy
in the near field of the antenna, and Q,,,;, as described by Chu’s limit, is the quality factor intrinsic to the
antenna itself.

Wy 1 1 3)
= _— _—
dant = O Rrna” Ga)® " ka

(4)

r’ =
B Qant

Therefore, in order to achieve a larger bandwidth in a conventual modulation system, the efficiency of the
system must be reduced. For DAM, however, (4) does not apply.

By Shannon’s theorem , the capacity of a channel at a given amount of input power is proportional to its
bandwidth and efficiency. Therefore, if the bandwidth is increased while the efficiency remains relatively
the same, the capacity of the cannel is increased. Consequently, Direct Antenna Modulation can provide a
electrically small transmitter with a capacity that outperforms traditional techniques.

When implementing a DAM system, active components must placed in the tank circuitry. These active
components increase the losses, and decrease the efficiency. The crux of the design process is finding a
way to reduce the impact of the active components. If the channel capacity that is required is relatively
low, it can be advantageous to use traditional modulation schemes. However, at high data rates the
increased bandwidth of DAM compensates for the added losses.

This report details the theory of a DAM system implemented with a matched loop antenna, as well as
experimental results using commercially available parts.



Theory

For this approach, we will consider a small loop antenna resonating with a capacitor. An inductor L,
coupled to the antenna L, is used to drive the system while achieving a matched impedance (Fig. 1).
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Figure 1: The basic design of a small antenna transmitter matched to a source resistance for
maximum power output.
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The series resistance of the inductor is modeled as R,. If we assume that the quality factor of the circuit
Qoo is large, then

1
Wwoy = (4)
L, C
L,k? ®)
Zin(wp) = éR

BFSK

When transforming this system into DAM, the circuit takes on multiple states. For Binary Frequency
Shift Keying (BFSK), the circuit takes on two states as shown in (Fig 2). This is the simplest form of
DAM, and what is to be considered in this analysis.
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Figure 2: The two states of BFSK DAM and their equivalent parallel RLC circuits.



Table 1: Definition of parameters

L Antenna Inductance

Co Series C; and C,

Cy Resonant Capacitance in STATE S
C, Capacitor which is shorted by switch

Resistance of closed switch
Resistance of open switch

1%}

o~ =N

i

This topology was chosen because it allows for a switch to have a breakdown voltage that is less than the
voltage swing across the inductor V;,,,,.. For high Q systems, the voltage swing in the tank is very large,
and may exceed the switches breakdown voltage. The values of the capacitors can be adjusted to
accommodate any switch. If the switch’s breakdown voltage is larger than the voltage swing, then there
need only be one capacitor C,, and the resonance of the circuit can be eliminated, extending the lower
frequency to DC and the bandwidth to f, = w,/2m. The larger the breakdown voltage of the switch, the
lower the switching frequency f; = w/2m (frequency in state S), and the greater the bandwidth of the
system.

The input parameters for DAM transmitter are listed in (Table 2). The best results are obtained when

R; = 0and R; — oo.
Table 2: Given Parameters

Real Input power P Watts
Amplitude of voltage across switch Vewitch Volts
Switch ‘on’ resistance R, Ohms
Switch ‘off” resistance R; Ohms
Center Frequency of STATE 0 Wy rad/sec
Initial Q of tank Qoo -
Capacitance of STATE 0 Co Farads

Note: Vyiccn 1S the amplitude of the sinusoidal voltage across the switch. This should be less than half the breakdown voltage of
the switch. Zszitch < Vbreakdown

Power and Maximum Voltage
The fractional bandwidth of DAM is determined solely by the ratio of the maximum switching voltage to
the largest voltage in the tank V;,, .. /Vswitcn- Each of the two states has a different voltage swing. In
steady state, the voltage swing in each of the two states is

_[2PQ, _|2Pq

Vo = V. =
0 woCo s wsCy

Each of these maximum voltages is proportional to the reactive energy stored in the circuit.
\/2 * STATE 0 stored energy \/2 * STATE S stored energy
Vo = Vs =
CO Cl
After a STATE 0 or STATE S has reached the steady state, if the circuit is then switched to the other state
(and no energy is lost in the switching action), the transient maximum voltages in each state are:

o 2PQs; |2+ STATE S stored energy
o wsCo Co




V= 2PQy  |2xSTATE 0 stored energy
@G C1

Therefore, the absolute maximum voltage in the circuit is determined by which state stores the most
energy. If Q;/ws > Qo/wy, then STATE S stores more energy and the maximum voltage in the circuit is
found directly after switching from STATE S to STATE 0. However, Q; < Q, in most cases because

STATE S includes the ON resistance of the switch. Therefore, the maximum voltage is usually found in
the steady state of STATE 0 and is

This analysis assumes that the input power P is the same in each of the states. However, in practical
cases, the input impedance of the tank is different in each state. In order for each state to consume the
same amount of power, the matching circuitry must be switched as well, and the source modulated.
However, one option is to drive the system with only one of the two resonant frequencies wg or wy. The
system will only consume power when in the state that resonates with the source, and energy from that
state will be passed to the other after each switching. In this scenario, the so the time averaged real power
would be half for 50% modulation. Given that the quality factor of each state is large, the state that does
not resonant with the source will still resonant after switching for a reasonable amount of time
(proportional to the quality factor). The main issue with this method is that if the state is not switched
back to the source frequency, the circuit will cease to resonate. However, with 50% modulation and high
quality factors, driving the circuit with one frequency is a viable option.

Bandwidth and Efficiency
With the given parameters, we can find the quality factor of each state, as well as the bandwidth of the
DAM system Bp 4u-

Bpam = wy — ws = wo(1 — ) (6)
Co Co
G=g GZ1"p ™
VZ — ZPQO
O 7 woCo 8)

’ Vswitch ’woco 9)
a = 1_%;6= 1= Vswitcn TQO

A greater switching voltage yields a larger bandwidth at a given amount of input power. The quality
factors of each state are

Qo = woco(RipHROp) (10)



_ @oloRsp (12)
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a
R = Qoo (12)
o woCy
K (13)
Rip - (1 — a?)?
a? (14)

R.. =
°P (Ug Cg (ROS + Rs)

Where Rys = aQos/(wyCy) is the inherent resistance in the antenna at the switching frequency, and Qg
is the quality factor of the tank at w,. This is likely to be less than R, because of the skin and proximity
effects.

If we make the assumption that that the open resistance of the switch R; — oo and the inherent resistances
are the same R, = R, the equations for the quality factors reduce to the following:

1 (15)
Qo =
woCoRy

- a (16)
1/Q¢ + woCoRs

s

As for the quality factor of the entire DAM system Qp, 4, for 50% modulation, or equal amount of time in
each state, this is merely the average of the quality factors in each state.

Q1 1
Coam =5t 5170y T woCoR. " (17)

Since @ = 1 — Bpay/wg , it is clear that Qp 45, is linearly proportional to the bandwidth. Therefore, the
efficiency is also linearly related to the bandwidth, as opposed the hyperbolic relation in (4) for
conventional antennas. The efficiency of DAM is the average of the efficiency of each state.

1 Q 1 Q

]7 = = r’ = =

® " BoQant  Qant * " BsQant  Qant

7] — QDAM

DAM Qant (18)

Where B, and B, are the bandwidths of STATE 0 and STATE S respectively. The efficiency of the DAM
system is lower at low data rates. However, for high data dates the efficiency of DAM far outperforms
traditional modulation techniques. Figure 3 shows the efficiency for DAM verses conventual modulation.
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Figure 3: The normalized efficiency vs the bandwidth of traditional and DAM transmitters. Q. is a constant
and dependent on the geometry of the antenna. The bandwidth here is increased by increasing the switching
voltage from 3 to 100 volts.f, = 560 kHz, Qyo = Qo = 100, C;, =1nF, R; =, R, =18Q,P=1W, V, =
238V.

For this example, the open resistance of the switch is infinity, and the losses by changing the driver to
DAM are due to the switch ‘on’ resistance alone. At lower bandwidths, the efficiency of a traditional
scheme is better, but as the capacity requirements increase, DAM will provide better efficiency for larger
bandwidths.

Switching time
If there is a voltage across C; when the switch is closed, that energy will be dissipated in the switch. The
best time to switch is when there is no voltage across the capacitors.

Note: All the above analysis was confirmed with both experimental results and simulation in Advance
Design System.

Experimental Results

Many antennas were built and tested in order to get a reasonably high initial quality factor of the tank
Qoo- The best results were obtained by using a AM radio ferrite antenna rod. In the range of frequencies
of interest (<700 kHz) the antenna’s quality factor is approximately constant.

Qoo =~ 450
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Direct Antenna Modulation
Figure 4 shows the circuit diagram and the setup that was built. The main radiating element L, has much

larger inductance than either L, or L.

L, =90 uH
Lo=05uH Lg;=09uH

Vsource CD

Figure 4: The system and circuit diagram. The circuit is matched in both STATE 0 and
STATE S by switching the matching circuity with S;. Coupling between the inductors is
shown as k, and k. The coupling between L, and L does not significantly change the
behavior of the circuit, but will reduce Q.



By (5), changing the capacitance by switching C changes in input impedance of the circuit. In order to
maintain 500 matching to the source in each state, the matching is switched simultaneously by throwing
S;.

The HMC595A double pole double throw (SPDT) switch was used for both S; and S,. HMC595A was
chosen for its low ‘on’ resistance of 1.5 to 3 Q, large off resistance R; measured to be 50 kQ, and

breakdown voltage of ~25V.

The circuit was designed to resonate at f, = 560 kHz with a capacitance C, = 1nF. The factional
bandwidth was chosen to be 1/2 to allow a half duty cycle square wave to drive the switches.

a=0.5
C, =4nF (s =1.33nF

The quality factor for each of the two states was found to be:
Qo =173 Qs =63 - Qpam =118

S11InState 0 S11 of State S

5000 570000 575000 580000 585000 255000 260000 265000 270000 2751 T 290000 295000 300000 305000

-20

-40 25

In this case, the ‘off” resistance of the switch R; causes considerable loss in the tank circuit. The fact that

alpha is 0.5 increases the effective off resistance by a factor of 1/(1 — @?)? = 1.77. With the switch off

resistance of about 50 k£, equations (10), (12) and (13) yield a predicted quality factor of Q, = 185. As

for STATE S, Rys = Ry — 0.3Q = 0.3Q. With a switch resistance Rq,itcn = 21, equations (11) and (14)
yield a theoretical prediction of Q; = 61, which is very close to the measured value.

The source waveform was switched in sync with the circuit. The signal was received by a loop coupled to
near field of the antenna. The received waveform is shown in Figure 5 and 6 with P = 4 dBm.

Two different receivers were used. The first, shown in Figure 5, was a small loop of approximately

1.3 uH. It was placed directly on the antenna rod and lightly coupled to L,. The second, shown in Figure
6, was a large loop about 27 cm in diameter. It was used to detect the near field of the antenna at a greater
range.



Small Loop: 2 Periods of State S

Small Loop: 4 Periods of STATE S

Small /

Receiver Coil

Figure 5: Received signal of Direct Antenna Modulation with 50% modulation at half bandwidth, with
transmitter placed directly inside the small loop receiver. Receiver is shown in (b). The jitter seen in
the waveform is an artifact of oscilloscope used to measure the signal.



Large Loop: 4 Periods of State S
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Figure 6: (a): Received signal of Direct Antenna Modulation with 50% modulation at half bandwidth,
with transmitter placed directly inside the large loop receiver. Receiver is shown in (b).

The capacitance is 4 times as much as in STATE S, and therefore, if no energy is lost in switching, the
peak voltage in STATEO should be 2 times the peak voltage in STATE S. Inspection of the waveforms
reveal that this is indeed the case.

Since Qs/ws < Qy/w0, there can be more energy stored in the high frequency state. We can see a slight
increase in amplitude of STATE 0 as it replaces some of the energy lost in STATE S.

If the circuit is changed so that it is tuned to the frequency of STATE 0 only (by disconnecting S; from

Ly), then the system only receives power half the time, and we can see a noticeable drain in power in
STATE S (Figure 7).



Small Loop: Single Tuned

Figure 7: Received signal of Direct Antenna Modulation with input power in STATE 0 only. The
small loop receiver was used.

When the receiver is placed at a distance, the switch noise dominates the signal as shown in Figure 8.
Even when the input signal was turned off, the noise from the switches continue to flood the receiver with

noise.

Large Loop at a Distance
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Large Loop at a Distance: No Signal
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Figure 8: (a): Received signal at a distance from the transmitter. (b) Switching noise at the same
distance.



Conclusion

Direct Antenna Modulation can vastly increase the capacity of a small antenna transmitter. However,
DAM still has very important limitations set by the active components. For a given switching voltage, the
bandwidth B is limited by the input power. Because of the power power-bandwidth limitation, a DAM
system is most easily applied to small antenna communication system that uses the near field.



