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ABSTRACT An eight element Subsampling Time Modulated Array (STMA) operating in receive mode
with a carrier at 2.4 GHz is presented and demonstrated using bespoke Radio Frequency (RF) hardware.
Each STMA cell incorporates subsampling functionality, with the sampling frequency significantly below
the carrier frequency and requiring minimal additional hardware. By using this concept, the hardware
required for a receiver incorporating an antenna array can be reduced and costs saved. STMA design
equations and architecture strategies are presented, and a prototype hardware demonstrator is introduced.
Laboratory measurements confirm that a received radiated signal, arranged to use the fundamental or
a harmonic beam pointed at the radiating source, can be resolved from the subsampled intermediate
frequency (IF) output. The concept demonstration hardware provides a measured array conversion gain of
11.4 dBi on the boresight beam, 7.8 dBi on the first positive and 11.3 dBi on the first negative harmonic
beams, as resolved at the final combined IF output. The array IF output Signal to Noise and Distortion
ratio is 69 dB. The dependence of array sidelobe level performance on STMA sampling switch rise time
is also uncovered, though good performance with real, imperfect, hardware is still obtained.

INDEX TERMS Microwave circuits, RF hardware platform, time-modulated antenna arrays (TMAs), signal

sampling.

I. INTRODUCTION
HE DESIGN of the antenna array is always an impor-
tant aspect of a radio communications system. The
global adoption of 5G mobile communications continues,
with over 1.3 billion connections worldwide [1]. Stimulated
by this market, there continues to be significant research
opportunities for 5G and future 6G systems, including
mmWave [2], though often with a focus on massive MIMO
for sub 6 GHz systems [3]. Propagation channels are often
sparse at mmWave frequencies, so simple phased array
antenna structures remain very relevant. Phased arrays
systems are also important for many commercial and military
communications scenarios at microwave frequencies.
The Time Modulated Array (TMA) [4], [5], [6], [7], [8] is
a novel class of antenna array that does not use conventional
phase shifters or vector modulators to apply a phase shift to

each array radiating element. Instead, simple RF switching
techniques are used, with simple controlling waveforms.
Fourier analysis of the switch control waveforms reveals
a phase shifting property that results in an element-specific
phase shift at the carrier, as required to realise a phased
array. The TMA can be used in transmit (TX) or receive
(RX) arrays and can also handle multiple beams of different
data (e.g., for different target users) [9], [10], [11], diversity
reception [12] or supporting polarization diversity [13]. The
TMA can also be used to steer a null to minimise interference
from an unwanted source [14], [15], [16], [17].

A TMA can be used in direction finding systems [18], [19]
and radar systems [20], [21]. It has also been demonstrated
that data transport using the harmonic beams and a radar
function using the boresight beam can be supported [22],
[23], [24], [25]. The TMA can also be used in reflector
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array applications [26], [27] or for generating circular
polarization [28], [29] and for generating orbital angular
momentum waves [30].

TMA hardware has historically been implemented using
RF switches. Recent improved switch and control technolo-
gies have enabled improved RF bandwidth performance [31].
However, other advanced techniques using more RF hard-
ware have adopted single sideband and IQ modulation to
offer high RF performance [32], with some related hardware
simplifications also investigated [33].

The TMA non-steered boresight beam results from the
Fourier DC component (due to a non-zero average) of the
switch control waveform. Recent work has shown that this
boresight beam can be attenuated using simple hardware and
digital control waveforms [34].

The TMA has also been demonstrated at mmWave
frequencies, for secure communications applications [35].
As evidenced by the above examples, the TMA concept
supports many useful and novel applications and remains
important.

Although multiple concurrent harmonic beams can be gen-
erated by the TMA, the resulting beam magnitudes decrease
with increasing harmonic [34]. In practice, most published
works use just the boresight beam, first or second harmonic
beams. The control of the TMA beams and their sidelobes is
a major topic of research, such as in addressing suppression
of sidelobes and sidebands [36].

The TMA is often considered in isolation from the com-
munication system, with an RF carrier input that is processed
by the TMA and results in steered beams, such as for an
IoT system [37].

Software Defined Radio (SDR) applied to phased array
beamforming has been researched over many years [38].
Analogue beamformers (ABF) require controllable phase
shifters, such as [39] at 25 — 31 GHz and variable
gain amplifiers (VGA), such as [40] at 22.8 — 35 GHz.
ABFs have also now been realized in integrated front-end
devices, such as [41] offering a four-element transceiver at
33.5 — 37.5 GHz. In [42] a four element 36 — 40 GHz ABF
is realized for 5G. Other recent works in mmWave ABF
include a single channel transceiver RF front-end [43], and
quad-channel front-end [44]. Integrated, Digital Beamformer
(DBF) systems have also been demonstrated, such as a
16 element RX [45]. TMA concepts have recently been
applied to generate mmWave MIMO at 26 — 33 GHz
through switching the LNA current, though the system
still requires a VGA and phase shifter in an initial ABF
stage [46].

However, to the best of the authors’ knowledge, there
is no reported work that incorporates the TMA directly
within a SDR inspired downconverter with the intention
to simplify overall hardware — which is stimulus and the
focus of the work in this paper. By combining the carrier
down conversion within the TMA operation, there exists the
possibility to simplify and reduce cost in an SDR system.
Although we demonstrate the principle in a RX array, it
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could also be applicable to a TX system, with appropriate
circuit modification and filtering.

RX SDR systems commonly make use of an ADC to
sample and digitize the RF signal. The sampling action
generates Nyquist bands and it is well known that an
RF signal presented in a higher Nyquist (alias) band can
thus be down converted by subsampling via these sampling
aliases [47], [48]. The sampling action can be considered
separately from the digitization action and thus a dedicated
sampler circuit can be used to perform the subsampling down
conversion. The zero-order hold that would typically be the
basis of such a circuit can be theoretically approximated by
a simple ideal switch and sample hold capacitor. It is this
concept that stimulates our work into combining a switch-
based TMA with a sampler to form a single subsampler
down converting TMA system. Hence, the key contributions
of this paper are as follows:-

o Theoretical introduction of an RX subsampling TMA,

leading to the new STMA concept,

o Theoretical performance predictions of the STMA and

identification of key design criteria,

o Laboratory measured results from a 2.4 GHz hard-

ware RX STMA prototype, compared to theoretical
predictions.

The paper continues with the STMA concept and pro-
totype described in Section II, then the prototype tests
and verification of the hardware platform is presented in
Section III. Chamber radiated antenna pattern measurements
are presented in Section IV and an overall discussion of
findings in Section V. The paper concludes in Section VI.

Il. SUBSAMPLING TMA CONCEPT

Since many modern radio systems are based on a SDR
approach, it is interesting to consider how the TMA could
directly apply SDR concepts and thus reduce hardware com-
plexity and cost. In a conventional approach, the output of
a passive RX antenna array may first be down converted
to an IF and then sampled directly by an ADC and this
is a widely used technique. When considering such a con-
ventional sampler approach applied to the TMA output, it
becomes interesting to consider what happens if the sampler
gate is moved forward in the signal chain. Fig. 1 shows the
sampler moved forward from the ADC / array interface and
is now next to the TMA switches. Clearly, this is only an
intuitive step and would be expensive in practice, but it is
useful illustratively.

The subsequent step is to consider how the TMA switch
and the sampler could be combined into one switch cir-
cuit function. In practice this is a relatively simple step,
as represented in Fig. 2, which shows that by repurpos-
ing the already used TMA switch and addition of a hold
circuit (a capacitor) the TMA can now perform the dual
role of TMA and subsampler, though with a more complex
control waveform required. The STMA concept thus makes
use of the existing RF switch, as already required by the
TMA, and a relatively simple addition to the circuitry to
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FIGURE 2. TMA and sampler function combined.

support sampling. However, as will be discussed later, the
RF requirements of this combined function switch are now
more demanding.

One issue is the maximum analogue bandwidth sup-
ported by the STMA switch, which must pass the incoming
RF carrier signal and also switch at the desired sampling
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FIGURE 3. RX STMA concept demonstrator with frontend mixer down conversion.

rate Fs. The optimal design of this switch is worthy of fur-
ther research, but for expediency this article makes use of
standard off the shelf parts to demonstrate STMA concepts.

A. STMA RX PROTOTYPE CIRCUIT

In our demonstrator design we use an antenna array at
2.4 GHz and initially down convert using a conventional RF
mixer to IF1, creating an IF signal suitable for the switches’
limited input RF bandwidth (BW), as illustrated in Fig. 3.

If higher BW switches had been available this initial
mixing stage would not be required.

After the TMA and subsampling operation, IF2 is pro-
duced as the final output from the system. In the demon-
strator, the carrier frequency F. is 2.2425 GHz, IF1 is
184.5 MHz and IF2 is centred on 4.5 MHz. To achieve
this, the TMA frame period 7p is 1 ps and the subsam-
pler frequency Fs is 20 MHz (related design equations are
presented later).

This two-stage (mixer first) conceptual approach could
also be employed more generally if needed, such as at
mmWave frequencies. This would allow the initial down
conversion to be implemented using pragmatic low power
and simple mixer technology and then employing the STMA
at IF frequencies, where device switch technologies are more
practical.

To demonstrate the STMA concept requires a practical
hardware implementation. The choice of sampler switch dic-
tates the maximum design frequencies for analogue BW and
sampling rate and so defines the system.

Our demonstration prototype employs an Analog Devices
ADG702 analogue switch [49] which has a 3 dB BW of
circa 250 MHz thus defining the maximum upper limit for
IF1. The conceptual block diagram of the prototype system
at 2.4 GHz is presented in Fig. 3, with detail for one STMA
cell. The full circuit diagram of one STMA cell is presented
in Fig. 4, with eight copies used in the demonstrator system,
integrated and combined as shown in Fig. 5.

The design of the STMA cell incorporates several impor-
tant RF circuit aspects which will now be discussed, with
reference to Fig. 4. The 2.4 GHz RX signal path from the
antenna starts with the Analog Devices HMC374 [50] Low
Noise Amplifier (LNA) U5 and then feeds the down conver-
sion mixer LT5527 [51] U3. The mixer LO (local oscillator)
is provided through a corporate feed network on the PCB,
feeding all the mixers from a single LO signal generator.
Mixer U3 requires a 50 €2 termination at its /F/ output and
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FIGURE 4. Circuit diagram of one STMA RX cell (antenna or test connector input to IF2 output).

this is provided by U2, a AD8009 [52] high BW opamp
acting as an inverting amplifier and also conceptually trans-
lating the circuit operation from RF power signals from the
antenna side to voltage signals as required by the sampler.
In the U2 inverting amplifier stage resistor R1 provides the
50 @ termination for the mixer, with a stage voltage gain
of 12 dB. U2 also provides a low impedance drive to the
ADG702 switch Ul, which is important to help achieve a
fast charge-up time for the sampling capacitor C22. Ul and
C22 form the core of the STMA, performing both the array
phase shifting and subsampling.

The ADG702 switch has an on resistance of 2 € and the
ADS8O009 has an output impedance of circa 0.5 €2, leading
to a combined series resistance of circa 2.5  at 4.5 MHz
(centre of IF2) supplying C22. The output from the sampler
capacitor C22 must also be buffered to minimise discharge
when the ADG702 switch is in its isolation (off) state. U4
is used as the buffer; a Texas Instruments BUF602 [53] with
1 MQ input impedance. At the output of the STMA cell, the
IF2 signal from U4 is then combined with the outputs from
the other STMA cells using a AD8009 inverting opamp with
50 €2 output impedance and an eight-input resistive combiner,
as shown in simplified form in Fig. 5. Note that the output
is now at the subsampled signal /F2, not the carrier F,
or IF1.

In general switch Ul, when used as a sampler, must pro-
vide a very high impedance in the off state and a very low
impedance in the on state (high output drive current capa-
bility) as well as fast switching. This is to ensure the ‘hold’
capacitor Cyypp (C22) charges quickly when the switch is
enabled and then discharges only very slowly (ideally not at
all) whilst the switch is off. It is desirable to only ‘blip’ the
switch on, so it only samples the incoming signal for the
briefest possible duration, as an approximation to a sampling
impulse.
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ADB009

The simple sampler R-C circuit based around Cjgp must
be considered in terms of its charge-up time and its hold time.
The charge-up time constant T¢jqge can be approximated
by (1), where Cyump corresponds to C22 and equals 22 pF,
ADG702 Rswitchoy is 2 £ and AD8009 Routopamp is 0.5 2.

Tcharge = Cxamp (Routopamp + RSWitChON) (D

The discharge time constant 7}, can be approximated
by (2), where Rp is the parallel combination of 1 MQ due
to the BUF602 input and the R16 value of 22 k<.

Thota = CsampRp ()

The ADG702 has a 10 pA leakage current when in signal
isolation (off) state, so is not expected to significantly dis-
charge Cyqmp. Hence, for the proposed circuit values Tepqrge
= 55 ps and T}, = 484 ns. Thus, the capacitor is expected
to charge to 5 time constants in 275 ps, which is 0.55% of
the sample rate period (since Fs = 20 MHz). In hold mode,
with the ADG702 switch in isolation (off) state, capacitor
Cysamp is not expected to have significantly discharged over
one sample interval since the 484 ns time constant is almost
10 times the sample period of Fs.
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FIGURE 7. RX signal after generic TMA operation — beam harmonics for phased
array use created.

From the data sheet, the ADG702 has a minimum latency
of 12 ns between the digital control signal changing and its
analog output switching, which limits the maximum Fs. In
practice, we have found that the minimum acceptable ‘on’
duration for the ADG702 is 7.9 ns.

The prototype system uses an FPGA to sequence the
switches, with an internal clock running at 120 MHz
and generating the TMA frame frequency Fp of 1 MHz
(i.e., 1/Tp) and Fs of 20 MHz. The 120 MHz master clock
means the FPGA file has 120 STMA control words per one
Tp frame. There are 6 words per subsample period Ts frame
(i.e., 1/Fs), hence 20 Ts events per one Tp frame. A single
Ts sample duration event (i.e., ADG702 control bit on-time)
lasts 8.33 ns and represents the maximum switching speed
possible. During lab tests it was observed that switching the
ADG702 faster than this leads to unreliable performance.
Each FPGA control word consists of the bit pattern for the
full STMA at that instant in the STMA frame- with each
bit corresponding to the state of each associated STMA cell
switch.

B. FREQUENCY PLANNING FOR STMA

To understand the frequency domain operation of the STMA,
consider an incoming RX signal presented to the TMA cell,
as represented by Fig. 6. Where required due to switch BW
limitations the initial conversion down from F. to IFI can be
performed by a conventional mixer, as already discussed. If
higher performance switches are available, then this initial
down conversion stage could be removed and the STMA
operate directly at F,.

The output signal from an ideal TMA switch, such as
in Fig. 1, will consist of /F/ mixed with harmonics of the
TMA switching frequency Fp, as illustrated in Fig. 7. The
Clp harmonic is at IF1 + Fp, CIn harmonic is at IF] — Fp,
C2p harmonic is at [FI + 2Fp and C2n harmonic is
at IF1 — 2Fp.

Each resulting harmonic (CO, ClIn, Clp, C2n, C2p, ...,)
will have a different phase shift due to the TMA control
waveform timings. This phase shift implements the required
phased array for receive array coherence at a particular wave-
front angle of arrival, for that harmonic - hence creating an
RX harmonic beam. The designer’s task is to select which
of these harmonic beams is of interest and to down convert
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FIGURE 8. RX sampling spectrum of STMA showing Nyquist alias bands from
subsampling.

it using the subsampler. The subsampling process uses the
images that are created by the sampler operation, as rep-
resented in Fig. 8. The RF signals from the TMA placed
in a high Nyquist band are thus translated down to a low
IF (IF2) and so realize the STMA. Due to the subsampling,
care must be taken to ensure unused Nyquist bands are clear
of any input signals.

The important relationship between the TMA switching
frequency and sampling rate will now be discussed. It is
important to consider how all the generated spectral com-
ponents are handled by the subsampling process, to avoid
unwanted imaging and aliasing problems which may cor-
rupt the desired harmonic beam RX signal. The resulting
subsampled /F2 signal can be predicted by (3),

IF2 = (IF1 + nFp) — pF 3)

where Fs is the sampling frequency, Fp is the STMA frame
rate (1/Tp), IF1 is the input down converted carrier frequency,
n is the TMA harmonic beam being used to implement the
array phase shift (..., -2, -1, 0, 1, 2,...) and p is the
sampling frequency harmonic being used for subsampling.
For simplicity, the input signal to subsample is assumed to be
fully contained in the normal Nyquist bandwidth [0, Fs/2].

In the prototype RX system, we use Fs = 20 MHz,
Fp =1 MHz, IFI = 184.5 MHz, p = 9, n = 0. This results
in the CO RX beam being subsampled to 4.5 MHz, the Clp
beam to 5.5 MHz and CIn beam to 3.5 MHz, the C2n beam
is resolved at 2.5 MHz and the C2p beam at 6.5 MHz. Care
must be taken to avoid the subsampled signals landing on
system clock switching harmonics, most notably due to Fp.
This is avoided by choice of F,, Fs and Fp to ensure that
the desired IF?2 signals all land in between harmonics of Fp.
Corruption from aliasing is also avoided by down convert-
ing all negative and positive beams from the STMA process
to IF2, hence the CO beam appearing at 4.5 MHz and not
at 0 Hz. If a narrow band pass filter (BPF) was provided
in between the TMA switch and a subsampler switch any
unwanted TMA harmonic beams could have been removed
before down conversion. However, this would require two
switches with a BPF in between - which is more complex
and so reduces the benefit of the proposed STMA technique.
Therefore, here all the generated STMA harmonics must be
handled by the subsequent RX system.

C. STMA CONTROL WAVEFORMS

The RX (or TX) beam pattern Array Factor (AF) for a
conventional TMA using isotropic radiating elements can
be predicted based on the time domain control waveforms
controlling the RF switches [7], [34]. The AF can be calcu-
lated using (4) where N is the number of antenna elements,
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F,[Ur()] is the Fourier coefficient of the nth harmonic
(.., =2, -1, 0, 1, 2,...) of the time domain switching
waveform U on the kth antenna element.
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gllectnop ]t Z Fn[Uk(l)]ej(pk 4)

k=1

AF@,t,n) =

The time modulation of the incoming RF signal at ele-
ment k can be represented as a series of Fourier coefficients,
multiplied with harmonics of the switching frequency w, =
(2nFp), mixed with the carrier frequency w. = Q2nFe).
The term &% is an element-specific phase shift, due to
antenna element spacing and evaluated beam angle and can
be expressed using (5), where d is the spacing between
the elements, 6 is the azimuth beam angle direction being
evaluated and A is the carrier wavelength.

o = (k— 1)27”d. sin(0) ®)

The nth Fourier coefficient of the switching waveform (nth
harmonic), for a particular element k, is Cng = F,[Ui(#)] and
the overall magnitude of the combined AF due to the nth
harmonic is Cn, which can be for a positive beam steer
(ClIp, C2p) or negative beam steer (Cln, C2n) or boresight
CO0. The AF for a given applied switch timing set, at a given
harmonic n, and resulting in a beam at [w. + n.w,] is found
using (6) [34], where T} is the on duration of the element
switch and Ty is the delay before the switch turns on.

Tx
AF(6, n) = Ze](pk sm( ) *Jnﬂ(Z 0"+ ) ©)

The timing parameters for a conventional TMA switched
element are illustrated in Fig. 9.

Therefore, in a conventional TMA, the individual switches
in the RF path are turned on and off according to a required
pattern to achieve a desired beam steer on a selected har-
monic at an angle of interest, such as using (6). The required
switch timings Ty and To; to steer a harmonic beam of
interest can be calculated using the techniques described
in [34].

An example of such a control pattern for an 8 element
TMA steering the positive first harmonic beam (Clp) to
+15 degrees is shown in Fig. 10(a). Another example is
shown in Fig. 10(b) for a positive second harmonic beam
(C2p) steered to +25 degrees. In a subsampling TMA,
with the sampler and TMA function combined, the resulting
STMA switch control pattern must now incorporate both the
expected TMA element timings and also the sampling event
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FIGURE 11. STMA antenna element switch timings (Ts sample instants shown) (a):
beam C1p steered to 15 degrees, (b): beam C2p steered to 25 degrees.

at Fs. This is pragmatically achieved by the product of both
these timing sequences. An example of this is shown for
a Clp harmonic beam steered to +15 degrees and with a
Fs/Fp ratio of 20 in Fig. 11(a).

In Fig. 11(b), the switch control pattern is shown for har-
monic beam C2p steered to +25 degrees. Notice that there
are fewer on events in the C2p harmonic pattern of Fig. 11(b)
compared to Fig. 11(a). This leads to a reduction in C2p
recovered IF2 power compared to the Clp power, due to the
average on time affecting the magnitude of received power
as will be discussed next.

D. STMA ARRAY CONVERSION GAIN

Since the STMA incorporates a frequency conversion action,
we will refer to the system gain as resolved at /F2 relative to
a known applied EIRP RF power at the antenna as the Array
Conversion Gain (ACG). The subsampling action, when not
using the TMA mode, has a negligible effect on the ACG
when comparing the magnitude of recovered IF2 vs IF]1.
However, when the TMA mode is also used there is a reduc-
tion in effective ACG seen on higher harmonic beams due
to the limited number of sample events per STMA element
within frame Tp. This Harmonic Level Reduction (HLR) fac-
tor is approximated by (7), where C2p_tot on is the total
number of sampling switch on events summed across all
antennas when considering C2p beam and Clp_tot_on is the
total number of on events summed across all antennas when
considering CIp beam, in period Tp. In our implementation
as seen in Fig. 11, Clp_tot_on = 52 and C2p_tot_on = 25,
with (7) then predicting a 6.4 dB reduction in the C2p
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TABLE 1. Sampler-induced harmonic beam levels relative to CO beam (used as
SGRF).

C2n level Clnlevel Clp level C2p level
relative to CO  relativeto CO  relative to CO  relative to CO
(dB) (dB) (dB) (dB)

5.1 2.2 -1.7 -3.2

received beam power compared to the Cip beam.

C2p_tot_on
& ) 7)

HILR = 1010g10(—Clp 1ot _on

The sampler circuit used has an implicit low-pass
response, due to combination of Csgmp, Rp, Rswitchoy and
Routypamp. This results in an amplitude slope as function of
IF2 frequency so that resolved RX beams with IFs below the
CO0 beam frequency (4.5 MHz) are received at a higher signal
level than the beams above the CO frequency. One solution
to this frequency response slope would be a smaller Rp value
but this would directly impact the hold performance of the
sampler, which is very undesirable. Spice simulation of only
the sampler circuit allows the roll off to be predicted, with
resulting expected IF2 beam levels with respect to the CO
beam presented in Table 1.

The Sampler Gain Reduction Factor (SGRF) results of
Table 1 are used later when validating the lab measured
gains.

lll. STMA HARDWARE PLATFORM

To allow the RX STMA to be evaluated in the labora-
tory, a hardware prototype was created, using the circuitry
described in Section II. Eight ceramic monopole antennas,
2450AT43F0100 from Johanson Technology Ltd, were used
to feed the RX STMA. The PCB is standard 1.6 mm thick
FR4, measuring 39 cm x 30 cm. The antenna spacing is
45 mm, with TMA control waveforms designed to suit this
element spacing.

Based on device data sheets, the expected STMA cell
conversion gain (F. RF input to /F2 out, including AD8009
combiner circuit of Fig. 5) is 6.0 dB. The expected ideal
ACG for eight elements is 15 dB. The STMA control wave-
forms are designed using the techniques of [34] for a sidelobe
level of —20 dB, using Dolph-Chebyshev weightings.

The timing control signals were created in MATLAB and
loaded into an Intel EK-10M50F484 FPGA development
board which was then plugged directly into the back of the
STMA RF PCB to sequence it. The fully built STMA PCB
is shown in Fig. 12 and the detail for one STMA cell and
associated RF down converting front end is shown in Fig. 13.

A. HARDWARE PLATFORM VERIFICATION

The conducted gain, from the cell antenna test port connector,
was measured by lifting the antenna link resistor R17 and
fitting R18 and feeding in RF F, signals. The IF2 output
was measured for each cell in turn when operating only in
Ts mode with no TMA pattern loaded, with results shown
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7

FIGURE 12. Built PCB showing 8 STMA RX cells (antennas and test connector for
cell calibration visible at top, IF2 output and LO input connectors towards bottom).

FIGURE 13. Detail of built PCB showing 1 of the 8 STMA RX cells with antenna, RF
test connector used for calibration and key circuit functional blocks marked.

TABLE 2. Lab measured STMA cell conversion gains when only in subsampling
mode (no TMA pattern applied).

STMA cell Conversion gain in subsampling mode (dB)

8.2
10.3
8.8
6.1
8.0
8.9
8.5
8.4

0 N A W kAW N =

in Table 2. From Table 2, the Ts mode average conversion
gain was measured to be 8.4 dB, which compares well to
the theoretical line-up value of 6.0 dB based on data sheet
nominal values. After including estimates of PCB routing
losses and the gain of the ceramic antenna, the overall 8
element radiated ACG is expected to be 13.0 dBi as measured
at IF2 combined output. The average measured 1 dB input
compression point (IP1dB) at F. was =30 dBm, at the RF
input test connectors.

The operation of the sampler circuit was also investigated.
An example captured waveform of the voltage across C22
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FIGURE 15. Example time domain capture of 3 cycles of Ts sampler capacitor C22
voltage, showing 17 ns rise and 33 ns hold times in a 50 ns sampling interval.

from one of the cells is shown in Fig. 14, for a sinusoidal
IF2 frequency of 4.5 MHz and Fs of 20 MHz. The general
expected operation of the sampler can be seen, with the
sampled signal changing to a new value at each sampling
instant, though also with other artefacts visible.

The time domain operation was further investigated, with
a zoom in view of 3 sampling events shown in Fig. 15. The
peak in the centre of the plot has a rise time is 17 ns from
the previously ‘held’ value and so the hold time appears to
be 33 ns in the 50 ns sample period. Though this may seem
worse than the circa 8-12 ns switchover latency expected
from Section II, note that the sampled signal is sinusoidal
so will not be a steady value during the finite and non-zero
period the sampling switch is on. The longer slope effect is
also suspected to be due to non-ideal switching within the
ADGT702. However, in Fig. 14 and Fig. 15 the sampler is
seen to be holding the value once charged and the switch
turned off. Hence, the circuit is an acceptable approximation
of a sampler for the purposes of the STMA demonstrator,
though it does affect overall performance as is seen later.

The non-ideal time domain nature of the sampled wave-
form is clear. However, an example of the spectrum seen at
the 7F2 combined output when receiving a radiated signal
at Fc with TMA mode disabled and subsampling is shown
in Fig. 16.
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FIGURE 17. IF2 output with CO centred at 4.5 MHz, for an Fc radiated test signal at 0
degrees (TMA mode activated, C1p steered to +15 degrees).

The signal was captured using a Rohde & Schwarz
FSV40-N Spectrum Analyser and suggests that the subsam-
pler, though not using ideal waveforms, is functional, usable
and gives a good signal at IF2.

When the TMA mode is enabled, the output spectrum at
IF2 contains additional components, but the desired output
is still present, centered at 4.5 MHz for the CO beam, along
with expected components at Clp, Cin, C2p, C2n, etc, as
shown in Fig. 17. Harmonics of Fp are also seen to be
present. Care must be taken in selecting the IF frequencies
and switching frequencies to ensure images and spurious
clock harmonics do not land on the desired beam IFs. Fig. 18
shows the output at /F2 when no signal is being received
(only noise and internally generated Fp switching harmonics
are seen).

The Signal to Noise and Distortion Ratio (SNDR) was
measured at the IF output of the STMA with an input sig-
nal at IP1dB. In sampling mode, the SNDR was measured
to be 61 dB for a single cell (10 kHz measurement BW).
The SNDR for the full array operating in STMA mode and
processing a radiated RX signal was measured to be 69 dB.
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FIGURE 18. IF2 output with CO centred at 4.5 MHz, RF radiated source beam off,
C1p steered to +15 degrees (only RF noise and spurious clock signals present).

This improvement in SNDR due to TMA array operation
has also been observed and predicted by others [46].

The mutual coupling between adjacent antennas was mea-
sured to be —13 dB. Between second adjacent antennas the
mutual coupling was —20 dB. However, improvements to
mutual coupling may be possible with a patch array.

IV. CHAMBER ARRAY CONVERSION GAIN & PATTERN
MEASUREMENTS

The STMA system was evaluated in The University
of Sheffield’s Communication Research Group’s anechoic
chamber. Prior to testing, the chamber background noise level
in the band was checked and found to be sufficiently low to
not cause interference. The measurement system included a
Rohde & Schwarz FSV40-N Spectrum Analyser and AEL
H-1498 measurement horn antenna with gain of 6 dBi at
2.4 GHz. The LO signal generator for the down conversion
mixers was a Keysight E4436B set to 2.24 GHz. The RF
signal generator providing the wanted radiated RF signal at
F, to receive was a Keysight E4437B set to 2.4245GHz.
The STMA test system setup is shown in Fig. 19(a) and the
STMA PCB being tested is shown in Fig. 19(b). The test
horn antennas are on an arch that allows them to be posi-
tioned as required and the STMA PCB is in the centre of
the axis of rotation. The IF2 output signals were measured
using the Rohde & Schwarz FSV40-N spectrum analyser
with 10 kHz resolution BW.

Radiated STMA ACGs are calculated and then reported
in dBi, from the signals resolved at the subsampled IF2
centred on 4.5 MHz for C0O. The measured RF powers were
converted to STMA ACGs from knowledge of the applied
TX RF power, test horn antenna gain, distance between test
horn antenna and STMA PCB (converted to an equivalent
free space path loss) following the technique used in [34].

A. STEERED FIRST HARMONIC BEAM (C1P, C1N)
The theoretically expected ACG is calculated based on the
initial measured conducted conversion gain from Section III
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FIGURE 19. Laboratory radiated pattern measurement: (a) test system set-up,
(b) example measurement.
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FIGURE 20. €0 beam ACG for C1p steered to +15 degrees.

and its resulting expected ACG of 13.0 dBi. However, this
ideal ACG must now also include effects from the AF, the
sampler low pass slope (i.e., SGRF) and pulse losses due to
chosen harmonic (i.e., HLR), as described in Section II. Thus,
the overall expected radiated ACG as a function of harmonic
beam and wavefront angle is found using (8), where beam is
the harmonic beam being assessed (n = -2 for C2n, n = -1
for Cln, n = 0 for CO, n = 1 for Clp, n = 2 for C2p).
SGRF is zero for the CO beam and HLR is only applied if
C2p or C2n beams are being assessed.

ACGexpected(beam, 0) = 13.0 + SGRF (beam)

+ HLR(only if C2p, C2n beam)
+201og;o (AF (6, n)) (8)

Tests were first performed with the STMA timings set to
receive a radiated beam at 415 degrees on the C/p harmonic,
with results shown in Fig. 20 for the CO beam and Fig. 21
for the CIp beam, all compared to (8). The system was
then configured to receive a C/p beam at —15 degrees, with
results show in Fig. 22, again compared to (8).

As discussed earlier, the sampler has an LPF response, and
this means that the negative harmonic beams (CIn, C2n)
have a higher /F2 output than the corresponding positive
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FIGURE 23. C1nbeam ACG for C1n steered to +15 degrees.

steered harmonic beams (Clp, C2p). This effect can be seen
in Fig. 23 where the C/n beam was steered to +15 degrees
and shows a 3.5 dB higher gain than the C/p beam steered
to +15 degrees as seen in Fig. 21. This level difference
agrees well with the 3.9 dB predicted for Cip-Clin level
delta predicted in Table 1.

Overall, for Clp and ClIn, the measured gain patterns for
the main lobes agree well with theoretical expectation and
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FIGURE 25. C2p beam ACG for C2p steered to +25 degrees.

show good conversion gain, though the sidelobe response is
degraded compared to theoretical expectation.

B. STEERED SECOND HARMONIC BEAM (C2P, C2N)
Tests were then performed with the STMA timings set to
receive a C2p beam at 425 degrees, with results compared
to (8) in Fig. 24 for the CO beam and Fig. 25 for the C2p
beam.

The results for the C2p beam steered to —25 degrees are
shown in Fig. 26. The resulting gain when C2n beam was
steered to +25 degrees is shown in Fig. 27, showing a 7.9 dB
higher gain is obtained compared to Fig. 25, due to the
LPF response of the sampler as discussed earlier. This level
difference agrees well with the 8.3 dB predicted for C2p-C2n
level delta predicted in Table 1.

Overall, for C2p and C2n RX beams, the measured gain
patterns for the main lobes agree well with theoretical expec-
tation and show usable ACG, particularly on the negative
harmonic beams, though the sidelobe response is degraded
compared to theoretical prediction.

V. DISCUSSION
Though the STMA is showing generally correct operation,
analysis has been conducted to investigate possible reasons
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FIGURE 27. C2n beam ACG for C2n steered to +25 degrees.

for the observed degradation in sidelobe performance. As an
example, the observed sidelobe levels for the first harmonic
beams are circa —10 dB to —15 dB, instead of the —20 dB as
designed. From earlier, it is known that the ADG702 based
sampler has a rise time of approximately 17 ns in a sam-
pling period of 50 ns (i.e., 34% of Tp). An investigation
using techniques from [34] to investigate the dependency of
sidelobe levels on rise time (7r) and fall time (7f) has shown
that a 34% Tr (with 0.1% Tf) on a 1 MHz Fp leads to an
increase in sidelobe levels to —12 dBc from a design target
level of —20 dBc for the first harmonic sidelobes: similar
to what was measured. From these same prediction simula-
tions, a 2.5% Tr would lead to a 1 dB reduction in sidelobe
level performance from the design target. This shows that
the performance of the sampler switch is very important
in sidelobe control and is likely a significant contributor to
the sidelobe results measured in the laboratory tests. It is
also possible that the sidelobe degradation is affected by a
smaller amount due to a) radiated leakage directly onto the
PCB circuits from imperfect PCB screening enclosures and
b) from the —13 dB to —20 dB measured mutual coupling
between antenna elements.
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However, the ability to steer the desired incoming RF
receive beam at F,. and resolve it at the subsampled /F2 is
demonstrated, validating the STMA technique and illustrat-
ing what can be achieved with imperfect hardware. Also,
the main steered ACG lobe generally matches theoretical
expectations well. The measured peak ACGs are 11.4 dBi
for the CO beam, 7.8 dBi for the Cip beam, 11.3 dBi for
the Cln beam, —2.6 dBi for the C2p beam and 5.3 dBi for
the C2n beam.

Achieved ACG is lower for second harmonic beams, as
anticipated and also seen in other works [34], however is still
useful. Also, as predicted, we note that negative harmonic
beam ACGs are higher than positive harmonic beams, due to
sampler circuit LPF response. This suggests that a practical
system could benefit from using only the negative beams for
steering, to minimise the impact of the SGRF. Alternatively,
the CO beam also gives good ACG and sidelobe performance
and so could be used for a non-steerable STMA array.

One potential issue seen is the presence of the Fp harmon-
ics in the output IF2 spectrum, requiring careful frequency
planning to avoid them corrupting the wanted signals. The
Fp harmonic components are due to the periodic switching
of the IFI signal which has a background DC component.
It may be possible to reduce the magnitude of the Fp har-
monics seen by use of differential switching techniques in
the sampler, though this would increase complexity.

Cracking and subsequent failing of some ceramic capaci-
tors in the RF signal chain was also experienced during tests
and required occasional replacements. This failure mecha-
nism is a well-known issue in industry and care was taken
during tests to ensure results were always obtained from a
fully functional system.

Overall, we propose that the STMA is a novel enhance-
ment of a TMA, that could help reduce the hardware
complexity of a conventional phased array receiver system
by allowing the removal of a mixer stage prior to the ADC.
Such a mixer stage would often usually be required to cre-
ate an IF signal within the ADC passband. The use of the
STMA concept also allows reduction of the ADC sample
rate otherwise needed to directly digitize from a high IF (in
the first Nyquist band), if subsampling of the ADC input
had not been used. Our practical work verifies the expected
operation of the STMA.

In our demonstration system we were forced to use down
conversion mixers prior to the STMA cells, due to RF BW
limitations of the sampler switch. If a switch was avail-
able that could pass carrier signals at Fc and switch at
the desired Fs, then this mixer stage would not have been
required.

However, the strategy of a mixer-first STMA could be
useful for mmWave systems, where suitable sampler switches
are not yet be viable but a phased array is needed.

Table 3 compares the performance of the STMA concept
demonstrator to relevant published works in receiver DBFs
and ABFs, operating with carriers below 6 GHz. Parameters
compared include array Side Lobe Level (SLL), Effective
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TABLE 3. Comparison of STMA systems to prior works at sub 6 GHz.

Phase
Shifter

[55] [56] [54] This work IF
Technique  IF sampling Time Microwave STMA
DBF delay sampling
]
DBF LNA H :
Carrier 260 1000 5800 2420 i H
(MHz) : | Shared LO
RF BW 20 100 6.49 1 ! ;
(MHz) ! !
Elements 8 16 4 8 Phase Gain
ACG (dBi) - - - 13 Control  Control
Cell . ) . Loss (.due - FIGURE 28. Conventional ABF cell (combination of cells can be before or after
Conversion to pin mixer).
Gain (dB) diodes)
Cell IP1dB - - - -30 TABLE 4. Cost and power model examples at 2.4 GHz using commercial parts
(dBm) (¢ gs are based on current manufacturers’ pricing for 500 off).
SLL(dB)  -14(single  -13(30  -155(SLL  -15(C0)
beam) degree & scanning ~ -10..-15 ) Example Item cost Item
steer) control) (Clp, Cln) Function part Usage (USD, power
Sampler 1040 MHz 4 GHz 6.49 MHz 20 MHz F, 5000ff)  (mW)
Clock 1 MHz Fp LNA HMC374 ABF + STMA 3.66 247.5
(1sz(’) (&HZ Phase  HMCG47A ABF 84.5 75
n = = & (10 k;{ Shifter (6 bits)
rray . - z
SNDR (dB) BW) VGA Hl\/é(i)742A ABF 13.75 650
Array Digital Digital _ IF, 5.79351 IF, 4.5 _ (6 bits)
output GHz (1st MHz Mixer LT5527 ABF 8.51 390
lower Buffer ADS009 STMA 2.45 70
harmonic)
Mox_soan 0 90 50 T Sampler  ADG702 STMA 121 0.005
angle (Cip) Buffer BUF602 STMA 0.936 270
reported +/-25
(degrees) (C2p)
DC power 124mW (65 453 mW 8 — 14 mA 978 mW /
nm CMOS) g\%?) per diode cell requires extremely high clocking rates to obtain a resultant
Phase 240 steps | degrec 14 degrees 6.9 ENCB low IF using only the ﬁr.st or second harmonic. Subsampling
Resolution using 12 (10 bits) (8 bits) (FPGA does not suffer from this effect.
bits (7.9 timing)
ENCB)
Amplitude . . T hits 6O ENCB A. CQST AND PQWER CONSIDERATIONS
Resolution (FPGA We will now consider the STMA cost and power, compared
timing) to an ABF in example beamformer implementations. As a

Number of Control Bits (ENCB) and input 1 dB compres-
sion point (IP1dB). Although our demonstration system is
primarily intended to illustrate the STMA concept (using
commercially available generic components with associated
power efficiency issues), it is still clear from Table 3 that
the STMA performance for gain, SLL and SNDR is compet-
itive. The low RF BW is due to FPGA maximum clocking
frequency issues and the number of TMA pattern words used.
This could be improved with different baseband hardware.

The simple (1 bit per cell) control interface and low IF
output are key advantages. The STMA is the only work
considered that has a low frequency IF output (4.5 MHz)
from a high carrier frequency, which significantly simplifies
the requirements for subsequent digitization.

The nearest conceptual work to ours is [54] but this does
not subsample, so the down conversion is due to the switch-
ing harmonics. The harmonics in [54] will rapidly reduce
in magnitude as they extend further from the carrier and so
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first example, consider a 2.4 GHz phased array ABF with
cell as shown in Fig. 28 and compare this to the STMA
optimal approach (no initial down conversion mixer) of
Fig. 2. For the sake of the illustration, we will ignore the
upper frequency limits of the ADG702 switch and so assume
the initial mixer of Fig. 3 is not required. The cost and power
consumption for each commercial part used in the prototype
2.4 GHz system and their applicability to either the ABF or
STMA are listed in Table 4, with a possible VGA and phase
shifter.

From Table 4, one cell of the ABF would consume
1021 mW and cost 103 USD. This assumes signal com-
bination from all the cell branches occurs at the 2.4 GHz
carrier and so only one down conversion mixer is required.
In comparison, a single cell of the STMA would require
587 mW and cost 8.3 USD, representing a saving of 95 USD
(92%) and 434 mW (43%) compared to the conventional
ABF example. Though crude, the above example shows cost
and power savings for a given semiconductor technology can
be expected when using the STMA approach. It is also worth
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FIGURE 29. Prototype mmWave STMA cell with mixer-first down conversion to
intermediate IF due to limited switch RF BW.

noting that the example phase shifter and VGA parts require
12 control bits in total, compared to the single digital bit for
the STMA.

We now go on to consider the potential advantage of using
the STMA at 28 GHz using recent published works to help
illustrate. To realize a conventional ABF at 28 GHz would
require a suitable phase shifter, for example [39] which
requires 6 control bits, is passive and requires 0.53 mm? of
wafer material. A VGA is also required, such as [40] which
requires analogue control lines, draws 23 mW and consumes
0.103 mm? of wafer die. Alternatively, a combined phase
shifter and VGA, such as [57] requiring both analog control
and 6 digital bits whilst drawing 23 mW could be consid-
ered. In contrast, the STMA would likely require a mmWave
to microwave down converting mixer, such as [58] requiring
6.4 mW and 0.52 mm? of die, which could be followed by a
suitable ‘cold-FET’ zero-bias switch to implement the STMA
sampler function, as illustrated in Fig. 29. If such a sampler
switch were available and capable of sufficient switching
speed, then a power saving of circa 16.6 mW (72%) and
area saving of circa 18% could be obtained, (ignoring issues
relating to wafer material differences). It would be more cost
effective to have the sample-hold capacitor off-chip due to its
large physical area. Power efficiency savings are increasingly
important for large arrays, which are required for mmWave
systems.

If the STMA mixer-first approach were not required for
mmWave operation, then the wafer savings and DC power
savings would be significantly greater, perhaps requiring
only a few square microns of semiconductor material for
the sampling switch and an off-chip sample-hold capacitor.
However, significant research work is now needed in creat-
ing fast switches for use in a STMA, possibly via tail current
switched amplifiers [46].

The STMA single digital control line to control the down
conversion and beam steering is an important advantage. As
illustrated above, conventional beamformers require multiple
control lines for the phase shifter and VGA. For large arrays,
arranging and routing sufficient control lines can be difficult.

VI. CONCLUSION
An STMA system which directly incorporates subsampling
within a receive TMA is discussed and demonstrated. The
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system shows STMA receive array beams can be steered
at the carrier F, and resolved at the subsampled IF2, as
predicted.

The concept could be applied to any frequency band,
though the design of the sampling switch is a critical feature
which dictates the maximum design frequencies and side-
lobe performance. The STMA concept could be applied to
carriers above the BW of the sampling switch by use of a
simple down conversion mixer stage before the STMA cell,
as demonstrated in our work. Such concepts could allow a
pragmatic application of the STMA to mmWave or higher
bands.

Potential power and cost savings for the STMA are
presented using examples. The STMA concepts could also
be applied to a TX system, with appropriate modifications to
use the up-sampled Nyquist images from a DAC or similar.
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