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ABSTRACT A novel scheme for transmitting broadband phase shift keyed signals from electrically
small antennas using energy-synchronous direct antenna modulation is described. We outline fundamental
operating principles of the method and experimentally compare its performance to that of a conventional
band-limited transmit antenna with the same electrical size and radiation efficiency. Transmitted waveforms
are analyzed in the time domain both at RF and baseband. Results show significant increases in signal
quality, suggesting a larger effective transmit bandwidth and greater potential throughput when the proposed

direct antenna modulation scheme is used.

INDEX TERMS Electrically small antennas, direct modulation, antenna measurements, phase shift keying,

time-varying circuits.

I. INTRODUCTION

NTENNAS face fundamental limits in their minimum
Aradiation Q-factor (and hence, maximum bandwidth-
efficiency product) as their electrical size decreases, e.g., the
well-known Chu bound for spherical shells [1]. This makes
transmitting wideband signals difficult using electrically
small antennas because the signals are inherently bandlimited
by the undesired bandpass nature of the antenna’s impedance
match. This bandwidth limitation can be circumvented to
some extent by reducing the antenna’s efficiency with resis-
tive loading [2], [3], but this is not a desirable solution for
most transmit applications.

Over the past several decades, a number of authors have
proposed methods using time variant antennas and match-
ing networks to circumvent the bandwidth limitations of
electrically small, high Q-factor antennas without reducing
efficiency, e.g., [4]-[7]. Transmission schemes that rely on
time variant modulation of the antenna or matching network
are referred to as direct antenna modulation (DAM). The
more promising of these schemes function by storing and
releasing energy in the antenna and matching network in
synchronization with the digital waveform being transmitted
to facilitate rapid transitions between different symbol states.

Consequently, another characteristic of these schemes is that
they must be tailored for the particular modulation being
transmitted. Thus far, nearly all reported results are for on-
off keying or frequency shift keying schemes. While one
report of phase shift keying using DAM exists [8], the system
is designed for near field communication and only circuit
simulations are reported.

In this paper we describe, analyze, and measure the radi-
ated far field behavior of a direct antenna modulation-based
transmitter for phase shift keying. Though we demonstrate
specific cases of binary phase shift keying (BPSK) and
quadrature phase shift keying (QPSK) in this paper, the
proposed method is capable of producing arbitrary phase
shifts at high baud rate. To elucidate the relative performance
of the DAM scheme compared to a linear time invariant (LTT)
transmit antenna, identical antennas and matching networks
are compared while operating in both DAM and LTI modes
for all cases studied.

The paper is organized as follows. First, the effects
of narrow antenna bandwidth on a broadband phase shift
keyed (PSK) signal are examined. Next, the principle of
operation of the direct antenna modulation PSK (DAM
PSK) scheme is explained. Finally, details of the far
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field characterization are described and the results are
analyzed.

Il. SIGNAL CHARACTERISTICS OF CONVENTIONAL
NARROWBAND PSK TRANSMITTERS

Conventional LTI transmitting antennas distort broadband
signals that greatly exceed their impedance bandwidth.
Consider a PSK signal with M symbol states (e.g., M = 4 for
quadrature phase shift keying, QPSK) denoted by the phases
{¢:;} being transmitted by an electrically small antenna. If
a matched single-resonance circuit model for the antenna
is adopted [9], the transition of the radiated field between
symbol phase states ¢ and ¢, at time ¢ = 0 takes the form

Exaa(t) ~ cos(eot + p1)e™" + cos(wor + ¢2) (1 — ™) (1)

where « = Q7 'wp is a time constant related to the
antenna’s Q-factor, and thus proportional to its impedance
bandwidth [10].

Thus, the exponential transitions between symbol states
are due to the slow charging and discharging of uniquely
phased oscillations and are the time-domain manifestation
of the bandlimited nature of electrically small antennas.
Long transition times associated with very narrowband
systems lead to high distortion [11], problematic intersym-
bol interference, and decreased noise tolerance. All of these
factors decrease communication link performance.

Throughout this paper the symbol rate of a PSK signal
is described by the integer number N of carrier cycles per
symbol. As N is decreased, the signal bandwidth increases as
1/N and narrowband conventional transmitters will exhibit
increased signal distortion.

lll. ENERGY-SYNCHRONOUS PSK SCHEME
To avoid the aforementioned limitations imposed by a con-
ventional narrowband transmitter, we propose the following
technique based on direct antenna modulation (DAM). The
core concepts of this method are adapted from an energy-
synchronous technique for on-off-keying [5], [12], [13]. The
key element of that technique (discussed in detail in [13])
is the use of a precisely-synchronized switched matching
network to capture and release electric energy on the antenna
structure to facilitate rapid transitions between a radiating
and non-radiating state, thus avoiding detrimental charging
and discharging times similar to those appearing in (1). In
on-off keying, the radiating and non-radiating states form
the two symbol states. Here, we adapt the method to facil-
itate transitions between symbols of constant amplitude but
varying phase. The following scheme shares basic similari-
ties with the method described in [8], though our approach
relies only on a single synchronized switch for arbitrary
order PSK, uses the capacitance of a small dipole antenna
itself for energy storage (rather than an external capacitor
bank), and is designed for far-field communications.

The circuit schematic for the proposed DAM PSK system,
shown in Figure 1, is identical to that used for OOK in [13].
A small dipole antenna is tuned to resonance at a carrier
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FIGURE 1. Ideal schematic of the proposed DAM PSK transmitter (top) and
schematic of lead and lag periods within a symbol transition (bottom).

frequency f. by an appropriate inductance L. The sig-
nal voltage source vpsk is matched to the tuned antenna’s
input resistance at resonance and connected to the antenna
via a single-pole-single-throw (SPST) switch. The system is
assumed to have been previously driven to steady state oscil-
lation with the switch in the closed position. If the switch
is opened at the instant the antenna terminal voltage v, is
maximum, current immediately stops flowing at the antenna
terminals and potential energy is trapped on the antenna in
the form of opposing charges separated on the two arms of
the dipole. With the exception of predictable second-order
transient effects [14], this results in near instantaneous sus-
pension of radiation from electrically small dipole antennas,
regardless of particular geometry [12].

While holding stored charge and radiation suspended, the
antenna can, in principle, be held in a static state indefi-
nitely. In DAM OOK, this fact is used to generate “off” bits
with no radiation. Here we use this moment of suspended
radiation to lag the antenna by a time corresponding to the
desired phase ¢ of the next symbol to be transmitted. Lags
of this kind are shown as shaded regions in Figure 1. During
this time, the source vpsk also changes its phase according
to the symbol phase. Closing the switch at the instant the
source voltage vpsk is zero replicates the first-order initial
conditions on the voltages and currents that were in place
at the time the switch was opened. Under this properly syn-
chronized condition, radiation resumes near-instantaneously
with the desired symbol phase. We transmit the carrier for
N — 1 carrier cycles and again open the switch at the instant
the antenna terminal voltage v, is maximum. This lag is
maintained during the 1 — ¢s/27 cycles remaining in the
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FIGURE 2. Schematic of experimental transmitter (top), receiver (bottom left). Also
shown is the tuned transmitter reflection coefficient as seen in LTI mode (bottom
right).

N-cycle symbol! and is joined with the first phasing lag of
the following symbol. The scheme can easily be modified
to avoid unnecessary lead and lag periods between identical
consecutive symbols (same symbol correction, SSC).

IV. FAR FIELD MEASUREMENTS

A. EXPERIMENTAL SETUP

To test the proposed PSK scheme in a far field radiation envi-
ronment, a transmitter and receiver are set up in an open area
on North Carolina State University’s campus in an identical
manner to that used to evaluate a DAM on-off-key system
in [13]. A schematic of the experimental system is shown
in Fig. 2. The transmitting antenna is an electrically-short
0.94 m tall monopole antenna (height of 0.085A at carrier
frequency 27.12 MHz, Zij, = 17—j550 2) tuned to resonance
at 27.12 MHz using a series variable inductance and matched
with a 3:1 transformer. The receiving quarter-wave monopole
antenna is connected to a lowpass filter (KR Electronics,
KR2805) and a 30 dB low-noise amplifier (Minicircuits
LNA-530) followed by a 4 GHz oscilloscope (Tektronix
DPO70404C). The antennas are selected so that the transmit
antenna’s 10 dB return loss bandwidth (2.7%), see Fig. 2, is
much narrower than the signal first-null fractional bandwidth
(20, 40, 66% for PSK with N = 10, 5, 3, respectively) as
well as the receive antenna’s bandwidth (11.4%). Both anten-
nas are supported by PVC masts and eight radials are used
to improve the ground plane performance. A CMOS-based
reflective switch (Analog Devices ADG902) modulates the
series connection at the antenna’s port to implement DAM
PSK according to Fig. 1. An arbitrary waveform genera-
tor (AWG, Tektronix AWG70002A) produces both the RF
carrier and baseband switch control signals. Because the

1. Here we have simplified the timing description by assuming that N
is an integer. Modification to the lag calculations for non-integer N is
straightforward.
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FIGURE 3. A portion of the received time domain signal when transmitting a BPSK
PRBS with N = 10. Time axis is scaled by symbol length Ts.

closed switch still adds series loss of approximately 5
to the system and thus slightly broadens the transmitter’s
impedance bandwidth, it is left in place for both LTI and
DAM modes to enable fair comparison of transmission effi-
cacy. The transmitter bandwidth listed is that with the switch
in place. In LTI mode, the switch is held in the closed state
during the entire transmission of a 256-bit pseudorandom bit
sequence (PRBS) produced by the AWG. When running in
DAM mode, the PRBS is again produced by the AWG while
the dynamic switch control as described in Section III is used
to toggle the series switch connection. The transmissions are
repeated 70 times, time-aligned, and averaged to create a very
high signal-to-noise ratio measurement. The measured RF
data is then processed in conjunction with a channel sound-
ing chirp to remove unintentional multipath and receiver
effects.” Note that in this configuration, both DAM and
conventional modes radiate with identical continuous wave
radiation efficiency.

B. EXPERIMENTAL RESULTS

In the first experiment, a wideband binary PSK (BPSK,
M = 2) signal is transmitted through the electrically small
transmit antenna when the antenna was operated in both LTI
and DAM modes. Several data rates (N = 10, 5, and 3) are
used, and Fig. 3 shows the time domain characteristics of
a portion of the signal for N = 10. During the transitions
between two different bits (bit “1” and “0”), the signal in
LTI mode shows longer charging and discharging time than
that in DAM mode, thus producing a more distorted version
of the intended PSK signal. RF data for other rates show
similar characteristics but are not presented here.

Figure 4 shows an eye diagram of the measured, demod-
ulated baseband signals overlaid with an ideal PSK signal
passed through the same demodulation process. At lower
data rates, e.g., N = 10, the eye is clearly visible for both
LTI and DAM modes, though the LTI mode shows a longer
charging and discharging envelope. When the data rate rises
and greatly exceeds the antenna’s bandwidth, the eye of the
LTI system closes rapidly, becoming completely closed in
the highest bandwidth (N = 3) case. Comparing the DAM
performance to the LTI performance at the same rates, it is

2. See [13] for the details of this process. Note that, unlike in [13], here
the receive antenna response is also inverted and removed in the reported
results.
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FIGURE 4. Measured (orange) and ideal (purple) BPSK eye diagrams at three data
rates. The indicators in black show the widest eye-width position. Both DAM and
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FIGURE 5. Measured BPSK constellations at three data rates. The two symbol states
are plotted in different colors, while the ideal constellation points are shown in black.

evident that the DAM transmitter produces a much wider
eye that remains distinguishable even the highest rate case.

The same data are plotted on a constellation diagram in
Fig. 5 with sampling points chosen at the greatest average
eye height indicated in Fig. 4. The ideal PSK constellation
is shown in black. As expected, the distance between two
pairs of symbol clusters are wide for both LTI and DAM
modes at N = 10. As the data rate increases, the symbol
clusters in LTI system begin to spread and the minimum
distance between two pairs of symbol clusters decreases,
indicating lower noise tolerance. In LTI mode, the constel-
lation points of the two bits overlap in the highest data rate
(N = 3), indicating that errors will arise from intersymbol
interference (ISI) alone. However, in DAM mode, the two
different symbols are widely separated even at high data
rates.

In a second experiment, the same comparisons are made
between DAM and LTI modes by transmitting a wideband
quadrature PSK (QPSK, M = 4) signal. Figure 6 shows
the constellation diagram of the measured signals. As the
data rate increases, the symbol clusters (denoted by shaded
convex hulls) produced by the LTI system spread out due
to the narrowband nature of the transmit antenna and cause
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FIGURE 6. Measured QPSK constellations at three data rates. The four symbol
states are plotted in different colors, while the ideal constellation points are shown in
black.

TABLE 1. Error vector magnitude (EVM) in dB.

Modulation N  Conv. DAM
10 -18 -20
BPSK 5 -6.7 -20
3 0.53 -16
10 221 -20
QPSK 5 9.5 -13
3 -1.2 -3.7

different symbols to overlap at the highest data rate (N = 3).
On the other hand, the DAM transmitter’s constellations are
more compact and show much less evidence of ISI with
increasing data rate.

As a performance measure for the results shown in
Figures 5 and 6, the error vector magnitude (EVM) rela-
tive to the center of each cluster is calculated in Table 1.
As the data rate increases, the EVM of the conventional LTI
mode increases dramatically in both BPSK and QPSK, while
the EVM of the DAM mode in BPSK remains at nearly the
same level. Comparing the QPSK results, it is clear that the
QPSK DAM mode shows lower EVM than the LTI mode,
however the relative gains are significantly lower than in
the BPSK case. The reduced effectiveness of DAM for this
QPSK demonstration is a result of parasitics in the trans-
mitter switch, matching network and antenna [15]. While
detailed study of these parasitic effects is beyond the scope
of this work, ongoing study will elucidate the underlying
sources of the degraded QPSK performance. Overall, these
results are representative of the relative fidelity of the DAM
and conventional transmitters irrespective of further signal
processing that could be applied at the receiver.

C. DISTORTION AND EFFECTIVE BANDWIDTH ANALYSIS
Visual inspection of the time-domain waveforms, eye dia-
grams, and constellations in the previous section indicates
the efficacy of DAM BPSK and QPSK in improving signal
fidelity over a conventional transmitter. Here we quantify this
improvement by comparison of the measured signals against
an ideal PSK signal using distortion analysis [11], [16].
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Defined as the distance between two signals under some
fixed normalization and time alignment [16], distortion quan-
tifies the fidelity with which an intended signal is reproduced
by a transmitter over its entire duration at the RF level and
provides an alternative to the pointwise, baseband metric
plotted in constellation diagrams. For this analysis, the ref-
erence signal for distortion calculations is the ideal PSK
waveform (e.g., that radiated by an ideal all-pass antenna)
after being passed through the same noise-limiting band-
pass filter used in over-the-air experiments. Because of the
lead and lag periods in the proposed DAM PSK scheme,
there is a difference between the ideal DAM PSK waveform
and an ideal PSK signal. An asymptotic form of distortion
for infinite random bit sequences produced by ideal DAM
PSK with SSC may be derived by comparing the waveforms
with lead and lag periods in Fig. 1 (DAM PSK with SSC)
against those without (standard PSK) using the definition of
distortion

d(x1,x2) = / x1 (£) — x2(r)|*dt )

—0o0
where x1 and x are the properly normalized and time-aligned
signals being compared. The resulting expression

1 1
d:Z(l— 1—]—v+m) 3)

shows the expected trend that this discrepancy becomes small
for low data rate (large N) and is reduced at high data rates,
particularly for low numbers of constellation points (low
M). This expression provides a benchmark for the lowest
distortion that is expected from an SSC DAM PSK system.

In Fig. 7, the measured receive signals studied in
Section IV-B are compared to this benchmark and the calcu-
lated values of distortion are denoted by markers. Also shown
is a model distortion curve (solid) for arbitrary data rates
produced by passing the reference PSK signals through the
bandpass filter represented by the measured receive antenna
reflection coefficient. Additionally, we plot curves (dashed)
denoting the predicted distortion for an ideal DAM transmit-
ter with same-symbol correction (SSC) calculated via (3).
Note that these ideal closed-form DAM reference curves
do not include the effects of the bandpass filter applied to
the received signals during channel inversion and are thus
approximate for this particular scenario.

We observe excellent agreement between the measured
conventional distortion and the model curve, with the
expected trend of increasing distortion with increased data
rate. For all measured data rates, the DAM BPSK and QPSK
schemes produce significantly lower distortion than their LTI
equivalents. In the case of DAM BPSK, distortion is reduced
nearly to the value predicted for an ideal realized DAM
waveform with SSC.

Using Fig. 7, the reduction in distortion observed in the
DAM transmitter may be quantified in terms of effective
bandwidth increase. For example, consider the case of N = 3
DAM BPSK. The measured distortion value of 0.19 could
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FIGURE 7. Measured QPSK and BPSK distortion compared against an LTI model of
the transmitting antenna (solid) and ideal SSC DAM PSK as given by (3).

TABLE 2. Summary of effective bandwidth increases calculated for measured DAM

PSK waveforms.

Modulation N N’ N’/N
10 44 44

BPSK 5 28 5.6
316 53
10 29 2.9
QPSK 5 15 3.0

3 8.1 2.7

only be achieved by the conventional transmitter by lower-
ing the data rate to N’ = 16, with this value being read off
from the model conventional curve. Thus the bandwidth of
the transmitted signals which may be transmitted for this
value of distortion is effectively increased by a factor of 5.3
by moving from a conventional to DAM PSK transmitter.
Similar calculations may be performed for all of the exper-
imental trails and the resulting data are given in Tab. 2.
Though distortion is not a one-to-one functional, this anal-
ysis provides quantification of the broadbanding effects of
the proposed DAM PSK method.

V. EXTENSION TO HIGHER ORDER MODULATION

In principle, the DAM process presented in Section III
is applicable to PSK of arbitrary order. In practice, how-
ever, realized performance in higher order DAM PSK is
limited by switch properties such as off resistance, para-
sitic ringing effects, and on-off speed. Together, non-ideal
switch properties such as these reduce the ability of the
DAM transmitter to precisely capture and release energy for
fast symbol transitions, thus degrading the fidelity of the
transmitted waveform. These issues are likely to be exac-
erbated by higher order modulation schemes with closely
spaced constellations. The experimental results in Section IV
demonstrate this limitation in the relative fidelity of the DAM
BPSK and DAM QPSK transmissions.

Nevertheless, technical challenges related to these circuit
parasitics and switch non-idealities may be overcome in the
future. In principle, the method proposed here is capable
of producing broadband signals encoded with dense PSK
constellations. As an example, simulation data are shown in
Fig. 8 where a PSK constellation with 16 equally spaced
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FIGURE 8. Simulated constellation diagrams of conventional and DAM 16-PSK
transmitted by a system comparable to that used in experiment.

points is transmitted by a dipole antenna in conventional
and DAM modes at varying data rates. The static —10 dB
bandwidth of the simulated transmit antenna is 2.7% to
approximate that of the antenna used in the experiments
reported in Section IV. Transmitted waveforms are calcu-
lated using an equivalent circuit co-simulation method based
on broadband models of dipole antennas [17]. Assuming
ideal switch properties (lossless when closed, perfect iso-
lation when open, instantaneous rise and fall times) and
ideal matching network elements in this model, the rela-
tive advantage of DAM over the conventional transmitter is
clearly observed even for this higher order PSK modulation.

Extension to modulation classes involving both ampli-
tude and phase modulation (e.g., QAM) are not directly
implementable using this method because the amplitude
changes necessitate increases or decreases of stored energy
on the antenna. However, implementing DAM versions of
QAM:-like modulation may be possible in the future using a
combination of the binary amplitude control applied in DAM
OOK [5], [13] and the phase control method presented here.

VI. CONCLUSION

A direct antenna modulation method for transmitting high
data rate phase shift keyed signals using a narrowband
electrically small dipole was described and experimentally
validated. Measured results show that the DAM method
transmits broadband PSK signals with greater fidelity than
its conventional counterpart consisting of the same match-
ing network and antenna. Distortion analysis indicates that
the implemented DAM transmitter substantially increases
(2.7 — 5.6x) the data rate at which BPSK and QPSK sig-
nals may be transmitted while maintaining distortion levels
comparable to a conventional transmitter using the same
narrowband antenna.
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