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ABSTRACT
New technologies are sought to meet the requirements of evolving telemetry capabilities such as
new operating bands, increased test article and ground segment collaboration, and on-the-fly
quality of service (QOS) management. Smart antennas may contribute to this evolution by
directing signal energy where and when it is needed. Direct spatial antenna modulation (DSAM)
represents a new approach to cost-effective smart antennas potentially offering benefits such as
post-amplifier modulation, polarization reconfigurability, phase-shifterless phased arrays,
oscillator-less frequency conversion, and pre-receiver processing gain. The basic DSAM
approach has recently been proven through analysis, simulation, and prototyping, with
significant implications for future capabilities.
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INTRODUCTION
Through spectrum efficient technology efforts such as iNET [1], the range telemetry test
environment is moving toward a 2025 goal with significantly different operating characteristics
than those currently employed. Currently, range telemetry flight test segment configurations
primarily use streaming transmit links with omni-directional or hemispherical radiation patterns.
On the telemetry receive end, large gimbaled antenna systems are used to close the link by
implementing high gain and precise tracking. Such existing configurations operate with
dedicated, pre-allocated channel assignments and have little, if any, reconfiguration of telemetry
format during flight, collaboration between test segments, or opportunities for frequency re-use.
The future direction of flight telemetry moves away from pre-allocated channel assignments and
streaming link configurations to take advantage of the flexibility of two-way networked test and
ground segment behavior to achieve collaborative test benefits such as frequency re-use, QOS
throttling, and over-the-horizon data transfer.
Implementing antenna gain at the test segment can allow for benefits such as reduced transmit
power, both at the test segment and at the ground segment, as well as the ability to achieve
frequency re-use and interference reduction through spatial multiple-access techniques such as
commonly applied in cellular telephony infrastructure. For antenna gain to be effective,
however, the antenna response must be properly oriented with respect to the intended
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communication target or source of interference (in the case of null formation). Phased array
antenna technology is the most effective way to enhance the ability of solutions such as iNET to
achieve maximum flexibility and efficiency.
A “full performance” phased array is the most flexible of all sub-types of phased array antenna,
and is able to arbitrarily control sidelobe levels, form null patterns, and form multiple
simultaneous main beams. Full performance phased arrays achieve their flexibility by being able
to fully control the array weight steering vector in each antenna element in the array. Examples
of phased array technologies that are not typically implemented with the full-performance
characteristic include those using switched-beam topologies such as a Rotman lens beamformer,
or coupled oscillator approaches. Existing approaches to achieving a full-performance phased
array include the use of a digital exciter and/or receiver with each element in the array or the use
of a RF phase shifter and attenuator at each element in the array. While most flexible, the perelement digital exciter/receiver pair approach has typical drawbacks of power consumption, cost,
size, dynamic range, and the need for external filtering. The per-element phase shifter/attenuator
approach has typical drawbacks with respect to signal loss, cost, and size that are primarily due
to the phase shifter element.
A new approach to phased-array technology utilizing direct spatial antenna modulation (DSAM)
is being developed that has the potential to significantly mitigate the drawbacks of typical phased
array implementations. The proposed approach is based around what is termed a fullperformance spatially modulated antenna (FPSMA) that retains much of the flexibility of a
digital exciter/receiver configuration, but does so without any variable RF phase shifters or the
per-element requirement for a digital exciter/receiver.
This paper presents a brief introduction to DSAM technology and some recent test results using
several prototypical implementations. The DSAM approach forms the basis for the FPSMA
element that is being proposed. Simulation results obtained for a notional four-element FPSMA
element are presented that demonstrate joint beamforming and modulation using only antenna
port amplitude control.

DSAM BACKGROUND
Direct spatial amplitude modulation bridges the typical black box view shared between
communications and electromagnetic disciplines by implementing modulation for
communications directly in an antenna element using intimate knowledge of the inherent
response of the antenna structure. In conventional modulation [2], the modulation signal is
impressed upon a fixed antenna electric field response ( ) as a modification of the external
excitation function amplitude ( ) and phase ( ). Such a relationship between the complex
exponential baseband excitation function (   ) and a fixed inherent antenna far-zone
electric field response can be expressed as


     (1)
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where the time-harmonic carrier component (   with radian frequency  of the
conventionally-modulated electric field (
) has been suppressed [3], and the index 
represents one of   1,2 …  possible information symbol or beam-steering weight vector
states. This formulation is most appropriately applied as snap-shot view of the antenna response
during a single symbol period () and does not include any transient effects of switching
between states. Under an assumption that the transient response of the carrier-excited antenna is
fast enough to be swamped by the actual information symbols that determine the excitation state,
the formulation of (1) corresponds to a rectangular pulse shape.
In contrast to conventional modulation, DSAM instead uses a position difference of excitation
with the same amplitude and phase for all  states. The difference of excitation location when
using DSAM results in a difference of the native antenna response relative to some reference
excitation location. The electric field for DSAM is therefore defined as
    (2)
To illustrate an example of the difference between conventional modulation and DSAM,
consider the case of binary phase shift keying (BPSK). In conventional BPSK, an RF carrier is
left in either a reference   0 state or changed to a   180 state during any given symbol
period  depending on the data symbol (  1 " ). In DSAM BPSK, one of two spatiallydistinct antenna ports with inherently antipodal responses is selected for excitation with a
constant carrier in each period  depending on the data symbol.
Shown in Figure 1 and Figure 2 are block diagrams for the implementation of a BPSK
transmitter using conventional and DSAM modulation, respectively. In Figure 1 showing
conventional modulation, the modulated carrier is used to excite the same antenna port in every
symbol period, while in Figure 2 for DSAM modulation the carrier phase is left constant but the
feed port location is instead changed in each differing symbol period.

Figure 1 – Block Diagram Representation of Conventional Modulation BPSK

Figure 2 - Block Diagram Representation of DSAM BPSK
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The choice of spatial modulation ports to use in a DSAM application depends on the modulation
format desired and the canonical antenna element to be used. Analysis of the radiated electric
field response of an antenna structure in closed form is the most direct path to selection of port
location. Such analysis has been performed for rectangular and square microstrip patch antenna
structures for implementation of BPSK, quadrature phase shift keying (QPSK), and dual-circular
polarized QPSK (DCP-QPSK). The analysis results were used to develop several prototypes that
were in turn evaluated with respect to the difference in bit error rate (BER) performance when
used in DSAM as opposed to conventional transmit modes. Figure 3 shows (a) the BPSK
prototype, (b) the QPSK prototype non-radiating feed structure bottom side, and (c) the QPSK
radiating structure top side.

Figure 3 – Two Example DSAM Prototypes
The S-band BPSK prototype shown in Figure 3(a) consists of a microstrip patch radiator with
two feeds, each controlled by a positive-intrinsic-negative (PIN) microwave diode switch circuit.
In DSAM operation, the BPSK prototype is alternately fed a continuous wave (CW) carrier
excitation from the “left” and “right” side based on whether the data value #$ is a logical 1 or 0.
The detailed field equation analysis of the BPSK prototype supports the fact that the ideal
radiated field pattern of the 1 state is the negative of the 0 state. When operated as a
conventional antenna with a modulated carrier excitation, the BPSK prototype is simply left in
either the 1 or 0 state for all time.
The QPSK prototype shown in Figure 3(b, c) is more complicated than the BPSK prototype, and
is capable of producing linear and circular-polarized versions of BPSK and QPSK as well as
DCP-QPSK totally under control of the baseband data signals. A similar PIN diode feed
approach is used to implement port switching and selection of either linear or circular
polarization (CP). The detailed field equation analysis of the QPSK structure reveals that the
response of the antenna is theoretically identical when used in conventional or DSAM modes for
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some combinations of polarization and modulation order, but is also distinctly different for other
combinations. For modulation order  % 2 the possible states of the QPSK prototype
necessarily span orthogonal polarization modes, making the received signal sensitive to receiving
antenna polarization state and bringing out differences in the conventional versus DSAM
response.
The measured BER response of the prototypes of Figure 3 is shown below in Figure 4. The
BPSK prototype results of Figure 4(a) were taken in the open laboratory at a link distance of 3 m
with a symbol rate of 100 ksps. For the BPSK prototype, the results measured using an Agilent
E4432 signal generator as the conventional modulation source match those taken using DSAM to
perform the modulation spatially. The E4432 was used to generate a standard pseudorandom
noise (PN) sequence of length fifteen both for the case of internal (conventional) or external
(DSAM) modulation.

Figure 4 – Measured Results Comparing Conventional Modulation to DSAM
The QPSK prototype BER results are shown in Figure 4(b) were obtained with a symbol rate of
1 Msps in an anechoic chamber at a link distance of approximately 10 m. For the QPSK case,
the E4432 signal generator was presumed to be an ideal source operating in an additive, white,
Gaussian noise (AWGN) channel and the “Calibrated Ideal” curve shown in Figure 4(b) was
generated based on 10-3 datapoint of the measured conventional results, with almost perfect
agreement over a BER range of 10-2 to 10-5. The limited record length of the digitizing
measurement receiver makes the 10-6 and 10-7 BER points of both the measured conventional
and DSAM datapoints suspect.
While no BER measurements were made with the DCP-QPSK mode of the QPSK prototype,
signal power spectrographs were recorded. The signal power spectrographs of Figure 5 show the
results of the QPSK prototype transmitting in DCP-QPSK mode as compared to the same
antenna in a fixed spatial excitation state transmitting a conventionally modulated QPSK signal.
The DCP-QPSK signal represents 3 bits of information per symbol as compared to the 2 bits per
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symbol of the conventional QPSK case, representing a potential 50% increase in information rate
in approximately the same occupied spectrum.

Figure 5 –Spectral Occupancy of DSAM DCP-QPSK vs. Conventional QPSK
As a reminder, the results in Figure 5 represent the equivalent of using a rectangular pulse
function, and the introduction of any additional information sequence or pulse shape constraints
would have the typical effect. Using the assumption of uncorrelated polarization noise,
derivations indicate that the BER versus signal to noise ratio (SNR) for the higher information
density DCP-QPSK is approximately the same as for conventional QPSK. Finite polarization
isolation in a practical antenna will limit the upper achievable DCP-QPSK SNR for the CPrelated portion of the information content, although isolation levels of 20 dB or greater are often
achievable.
DSAM IN PHASED ARRAYS
The theoretical driving force behind DSAM has been demonstrated using several laboratory
prototypes. Were “pure” DSAM to be applied to a full performance phased array element
design, it would in theory take an infinite number of spatially distinct ports in an antenna to
support all possible complex beamforming weight vectors. A method that retains many of the
benefits of DSAM but avoids the need for a large number of spatially distinct feed ports has been
developed, and is called the full performance spatially modulated antenna (FPSMA).
The circular microstrip patch (CMSP) antenna has been selected as a candidate element for
FPSMA implementation. Almost any antenna structure capable of producing good quality CP,
and especially those with rotational symmetry about the axial boresight, can make an appropriate
FPSMA candidate. Using a cavity model approach [3, 4], the far-zone fields at a location
&', (, ) produced by a circular microstrip patch antenna ( * ) placed at the coordinate system
+
origin with a spatial feed-point at location ) +  )
can be expressed using:
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In (3-8), > K √41, J7  ⁄M is the free-space wavenumber with M the speed of light in vacuum,
D is the effective CMSP surface area which can be taken as the physical area to first order, O7 is
the peak excitation amplitude in Volts, 67 is the Bessel function of the first kind order zero, and
68 is the Bessel function of the first kind order two. The fields of (4-5) were derived by using a
standard CMSP model with the element in the P 4 Q plane and applying a direction cosine
+
location.
matrix transform to account for a rotation of the feed point to an arbitrary )
When the fields (3) of the CMSP FPSMA reach a receiving antenna, the polarization of the
receive antenna (RSTU ) determines the resultant lowpass equivalent signal (VWTU ) through the
relationship (9), where the vector dot product operator is represented as (·) and the complex
conjugate operator is represented as (*) [3].
-

,
Y
VWTU   * · RSTU
(9)
+
Restricting the spatial excitation port set to )
 Z0, [⁄2\, and simultaneously driving the ports
with unique control values results in the desired configuration for a FPSMA CMSP antenna with
complete modulation flexibility but a minimum number of ports. Taking the fields (3) on
boresight at ((  0 , )  0 ) to Cartesian coordinates and computing the equivalent lowpass
received signal per (9) with a left hand circular polarized (LHCP) receive antenna polarization
response of RSTU  1⁄√2&]1 0 >^1 yields a normalized response:

_VWTU  O `⁄8 4 >O 7 (10)
+
+
In (10), O `⁄8 and O 7 are the carrier excitation amplitudes of the )
 [⁄2 and )
 0 spatial
modulation ports of the CMSP antenna element, respectfully. The result (10) shows that the
+
FPSMA CMSP antenna response for the )
 [⁄2 port is equivalent to the “in phase” (a)
+
channel of a complex modulator and the )  0 port is equivalent to the negative of the
“quadrature” (b channel given the alternate representation of a complex lowpass modulation
signal   using the relationships:

   a 0 >b (11)
  ca 8 0 b 8 (12)
  tanfg &b ⁄a  (13)
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The direct correspondence between the two ports of the CMSP antenna and the equivalent
complex baseband modulation a and b channels is significant, and forms the basis for
+
implementing a FPSMA using such a structure. Amplitude-only control of the )
 Z0, [⁄2\
ports of the CMSP FPSMA allows for the relative field state produced by the structure to be
placed anywhere in the complex plane without the need for phase-shift functional blocks.
A four element CMSP FPSMA array has been simulated to illustrate the possibility of using the
structure to achieve joint beamforming and modulation without the use of phase shifters and with
only a CW RF excitation source. The array simulation configuration is shown below in Figure 6,
where the individual elements {EL1, EL2, EL3, EL4} are 990 mil in radius, separated center-tocenter by 2300 mil, and are situated 20 mil above a Rogers 5880 substrate with hI =2.2 backed by
a copper groundplane. The simulation was performed in Ansoft Designer, and the array is
distributed along the P axis with the i axis pointing out of the page.

Figure 6 –Simulated FPSMA CMSP Antenna Array Example
The simulated array of Figure 6 was driven with port excitations intended to implement
simultaneous beamforming and QPSK modulation using only port amplitude control and a CW
excitation source. An example of two power patterns, one produced with equal j  0 array
weights for all elements, and the other produced with array weights corresponding to an
additional inter-element j  60 equivalent phase shift, is shown in Figure 7.

Figure 7 – Example Planar Cut Beamforming Response, )  0 Plane
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The simulated array was not optimized for gain or any other aspect of performance, with firstpass success in achieving the beam steering and modulation effects using direct calculation of the
required array weights. A pseudo 3-D view of several radiation patterns is also shown below in
Figure 8.

Figure 8 – Summary of Simulated Beam Patterns Including Joint Modulation
The received signal amplitude and phase per (9) were computed at the angular power pattern
maximum of all commanded beam angles, with expected results. A sample of the results is
given in Table 1, which summarizes the relative response for all four QPSK information symbol
states for the commanded 412 steering angle. Also shown in Table 1 are the equivalent a
(O `⁄8 ) and b (4O 7 ) port excitation values for elements EL1 through EL4 used to achieve the
indicated results.
Table 1 – Summary of Results for Joint 412 Beam Steering Angle and QPSK Modulation
#

$

Data
# l 

EL1
O ` ⁄8

EL2
4O 7

O ` ⁄8

Excitation
EL3
4O 7

O ` ⁄8

EL4
4O 7

O ` ⁄8

4O 7

Result
|VWTU | nVWTU

0

0

0

0

1

0.64

0.77

0.99

0.17

0.87

-0.50

0.35

37.4

0

1

490

-1

0

-0.77

0.64

-0.17

0.99

0.50

0.87

0.35

448.9

1

0

90

1

0

0.77

-0.64

0.17

-0.99

-0.50

-0.87

0.35

131.1

1

1

180

0

-1

-0.64

-0.77

-0.99

-0.17

-0.87

0.50

0.35

4142.6

The results in Table 1 indicate a phase error of u3.7 for the information symbol pair states 01
and 10 relative to the reference 00 state, but no error for the 11 state as well as correct relative
amplitudes for all states. Similar results were obtained for other beamforming angles of 0 and
418 .
CONCLUSION
Direct spatial antenna modulation (DSAM) represents an alternate way to achieve RF data
modulation for information transmission and/or phased array beamforming without the need for
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either a conventional modulator or variable RF phase shifter devices. The core ability of DSAM
to be applied to an antenna structure and achieve the desired modulation effect has been shown
with a series of prototypes under laboratory conditions. The full performance phased array
application of DSAM technology has been demonstrated through analysis and simulation to
support the implementation of phase-shifterless phased arrays, possibly enabling the practical
implementation of smart antenna directivity in new application spaces related to bi-directional
spectrum efficient telemetry.
Other potential benefits offered by DSAM beyond beamforming and compatibility-mode
modulation should also be explored in more detail if deemed relevant to flight telemetry
applications. By performing modulation in the antenna itself, DSAM allows for modulation and
demodulation after or before, respectively, typical active devices such as power amplifiers or
low-noise amplifiers. With DSAM phase control of the antenna fields, the possibility of inantenna frequency conversion through use of a constant phase ramp modulation is also possible.
Additional development is required to fully apply DSAM phased array technology to the
challenging flight telemetry environment, but the payoff may be very significant in terms of the
practicality of implementation and resulting ubiquity of use. It is anticipated that the
combination of one or more digital exciter/receiver blocks with a segmented DSAM FPSMA
would offer modulation and frequency flexibility as well as DSAM-enabled spatial beamforming
sufficient for advanced iNET capabilities while avoiding complexity and implementation costs
associated with alternative conventional approaches.
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