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Abstract— This work presents a flexible phased array tile
designed and fabricated for wireless power transfer at 10 GHz.
The system is driven by custom CMOS RFICs fabricated in a 22
nm CMOS FDSOI process. The chip achieves an overall DC-RF
efficiency of 42% and includes a VCDL-based phase shifter with
DLL self-calibration that compensates for PVT, enabling rapid
and accurate refocusing of the array to different targets. The
fabricated 8x8 array radiates 850 mW of power, 385 mW of
which is rectified to DC by a 56.25 cm? rectenna at a distance
of 20 cm. The array is evaluated under flat, convex, and concave
bending conditions to verify its flexibility.

Keywords — Delay-locked loop, flexible electronics, phased
array, RFIC, wireless power transfer.

I. INTRODUCTION

Lightweight, flexible phased arrays driven by custom
CMOS RFICs are an emerging technology with a myriad of
applications in communications, sensing, and wireless power
transfer at a distance [1].

In this work, we focus on flexible arrays applied to
wireless power transfer at distance [2] (Fig. 1), which enable
applications where physical connections to a power source are
impractical and/or inconvenient [3][4]. These include systems
in space where flexible arrays enable efficient packing and
storage of the payload onto a rocket fairing, allowing large
apertures at low cost to be deployed. This is particularly useful
for Space Based Solar Power (SBSP) [5][6], where massive
apertures are required for focusing power from space down to
Earth. Using CMOS RFICs, the cost of these systems can be
lowered and the manufacturing immediately scaled due to the
maturity of silicon fabrication technology.

Despite many benefits, one of the main challenges of
microwave power beaming is scale. Efficient wireless power
transfer at a distance requires collecting most of the power
radiated by an array, necessitating an increase in the array size
as the transfer distance increases to counteract the diffraction
limit. The array must also have a near 0.5\ radiator spacing
and maintain its coherence over long distances to avoid power
loss in the grating lobes (the so-called "sparse array curse"). A
scalable approach to building large arrays consists of multiple
tileable subarrays (tiles) centered around custom RFICs that
locally synthesize high frequency signals from a distributed
low frequency reference. Each RFIC drives multiple radiators
for practical component counts. The tiling can be virtual and
the actual flexible substrate can remain contiguous.

In this work, we demonstrate a lightweight and flexible
array tile based on a custom, fully integrated beamformer RFIC
designed in a 22 nm CMOS FDSOI process. Using 8 identical

RFICs, a 64-element flexible array for wireless power transfer
at a distance is assembled and tested.

II. CustoM 22 NM CMOS FDSOI BEAMFORMER

A block diagram and selected schematics of the 8-channel
transmitter RFIC are shown in Fig. 1 and 2. A 100 MHz
reference is distributed on the flexible array tile to each RFIC
using microstrip transmission lines. To mitigate the reference
spur-induced deterministic jitter’s impact on the coherence of
the focused beam, a two-stage frequency synthesizer is used to
generate the 10 GHz output tone from the 100 MHz reference.
The first integer-N PLL synthesizes a 2.5 GHz tone and
includes a digitally controlled sampling loop filter to further
reduce the spur level. The 2.5 GHz tone is then fed into a
fixed, divide-by-4 PLL that generates the 10 GHz signal.

Next, the 10 GHz tone is distributed across the chip
into 8 channels using on-chip differential transmission lines
buffered by CMOS inverters. Each channel has an independent
voltage-controlled delay line (VCDL) based phase shifter
implemented with a current-starved inverter topology (Fig.
2) for low power consumption. The output of the VCDL is
then distributed to a transformer-tuned common source driving
stage, which provides the input power to the power amplifier.

A. VCDL Phase Shifter with DLL Self-Calibration

One of the major challenges in maintaining coherence as
the array is scaled is the phase shifter accuracy. PVT-induced
phase error will degrade the focusing capability of the array,
resulting in power loss. Although this could be compensated
for by calibrating each phase shifter, complex calibration
schemes become impractical as the array size increases. Here
we introduce a self-calibrating VCDL-based phase shifter that
uses a DLL to provide linear, uniformly-spaced phase steps
across PVT, as shown in Fig. 2.

Two identical, differential VCDLs are driven in-phase with
respect to each other, with VCDL1’s control voltage fixed at
ground (minimum delay) and VCDL2’s control voltage set
by the DLL loop. The DLL’s phase and frequency detector
(PFD) is fed by the positive output of VCDLI1 and the negative
output of VCDL2, which results in a built-in 180° phase
shift in the DLL forward path that is corrected at VCDL2
by the DLL loop. Once the DLL is locked, the control voltage
corresponds to a 180/N° relative phase shift between VCDL1
and VCDL2 at each stage, where N is the number of unit-cells
in the VCDL. The DLL control voltage is then routed to the
phase shifter VCDL operating within each channel’s signal
path. By switching the control voltage of each delay-element
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Fig. 1. Flexible wireless power transfer array driven by fully integrated CMOS RFICs.

DLL Core

Variable Delay VCDL

REF,
o, > Current

.

'

.

'

.

'

.

'

.

' =
: To Phase
: TSPC Steering
.

'

.

'

.

'

.

'

.

'

.

Shifters

REF.
N I IN e

To PAS

Min Delay VCDL

j;

Fig. 2. VCDL phase shifter reference voltage generation with DLL (left)
distributed to VCDL channel phase shifters (right).

in the phase shifter VCDL between the DLL control voltage
and ground, the VCDL acts as a thermometer-encoded digital
phase shifter with a temperature-robust LSB of 180/N° that
ideally only depends on transistor matching. The implemented
VCDL-based phase shifter consists of N=16 stages, with an
additional 180° MSB provided by a MUX which swaps the
differential outputs. By referencing the variable delay line to
another at minimum delay, the phase shifter is able to provide
a full 360° of phase shift with the smallest excess delay,
minimizing the additive jitter within the signal path.

To mitigate the systematic error in the phase
shifter stemming from the DLL static phase offset,
the current-steering charge-pump was designed with
op-amp-based current mismatch and charge-sharing
compensation loops. To provide the option of a one-time
factory calibration, a programmable IDAC was also included
to compensate for the static phase offset by injecting a DC
current into the loop filter, but this is not used in the full
array operation to preserve the self-calibrating performance.
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Fig. 3. DLL phase shifter curve for channels 4-8.
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Fig. 4. Phase noise at PA output (a) and (b) channel #4 VCDL RMS phase
error with and without DLL calibration over temperature.

The resulting 5-bit phase shifter provides sufficient resolution
to minimize sidelobes in power beaming due to phase shifter
quantization error.

The VCDL-based phase shifter is tested on a connectorized
board that houses the complete RFIC. The relative phase
between two channels is measured using a VNA. The phase
shifter accuracy is compared with the DLL and without (fixed
voltage bias). The DLL control voltage was optimized for
phase accuracy by adjusting 1 LSB of the IDAC injected
into the loop filter and similarly the constant voltage bias was



adjusted for minimum phase error at room temperature.

Figure 3 shows the phase-shift curves of channels 4-8,
demonstrating good matching across the chip with an average
RMS phase step error of less than 1 degree. The chip
temperature was then swept in a thermal chamber from 5°
C to 100° C and the phase shifter performance was measured
in increments of 5° C. The results are shown in Fig. 4. The
DLL-based control voltage results in significantly lower phase
error over temperature, with a maximal rms phase error < 2°
compared to 6° without the DLL. The RMS phase jitter of the
entire channel was measured and shown in Fig. 4. The VCDL
adds 26 fs of jitter when tuned to its max delay.

B. Power Amplifier

The power amplifier (PA) is the most critical circuit block
in terms of the total DC-RF performance of the transmitter,
consuming most of the DC power on the chip. The PA
utilizes a cascode topology operating at 1.4 V with capacitive
neutralization of Cyq and Cy, [7] for stability (Fig. 1.) An RC
biasing network is used at the gate of the cascode transistor for
common-mode stability. The cascode transistor is a thick-oxide
device to improve the long-term reliability of the amplifier
from the large voltage swing at the drain.

To minimize the loss, optimal impedance tuning at the
fundamental and the common-mode second harmonic [8][9]
was done using a shunt inductor. A shunt inductor was chosen
to minimize the passive loss of the output matching network.
The network has a simulated passive efficiency of 93% and is
compatible with the differential drive required for the pop-up
dipole antenna used on the flexible array PCB, similar to
those in [10]. Using probed measurements of a test structure
composed of the driver and PA, the output power of the PA
with a 0.8 V peak-to-peak sinusoidal swing at each gate of the
driver is approximately +16.4 dBm.

Using a connectorized testboard, the total DC-RF
efficiency of the chip was measured. The PAs consume
approximately 721 mW from a 1.4 V supply and the rest
of the electronics on the chip consume 95 mW from a 0.8
V supply for a total power consumption of 816 mW. The
output power of each channel is +16.4 dBm from the probed
test structure measurement, resulting in a measured total chip
DC-REF efficiency of 42%.

III. FLEXIBLE 64-ELEMENT ARRAY

The fabricated chip and flexible array are shown in Fig.
5. The flex PCB is an 8.4 mil thick, 4-layer polyimide board.
The RFIC is flipped onto a rigid interposer, which is then
soldered to the flex board. RF power is routed to the antennas
using differential microstrip trannsmission lines on the board.
Performance of the array is initially validated on a far-field
range, where beam steering from -45 to 45 degrees in azimuth
and elevation is demonstrated (Fig. 6).

To validate the power-focusing capability of the array while
demonstrating its flexibility, the array tile was conformed to
convex, flat, and concave frames. For each shape, a focusing
algorithm [2] was run to optimize the power at a near-field
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Fig. 5. Die photo (a) and assembled 64-element flexible array (b).
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Fig. 6. Azimuth and elevation far-field scans of 64-element array. Scan
loss and pattern asymmetry due in part to mismatch induced by the dipole
element’s active reflection coefficient.

scanner probe. Then, near-field scans of the power pattern were
taken and are shown below the corresponding shape in Fig. 7.
Eight coherent CMOS RFICs drive a 64-element flexible array
that radiates 850 mW of total power. A 56.25 cm? rectenna at a
distance of 20 cm delivers 385 mW of DC power to an optimal
load, with a total end-to-end efficiency of approximately 7.2%.
For visualization, the optimal rectenna load is replaced by a
multi-LED load, as seen in Fig. 7.

To verify the formation of a focal point, scans of the
radiative near field (Fresnel region) were taken at different
distances and are shown in Fig. 8. The location of the
beam waist near the rectenna position clearly shows the array
focusing in the radiative near field.

Once the focused states have been saved, the array
can be refocused to an arbitrary point in space using a
computationally efficient refocusing algorithm [2]. However,
the efficacy of the algorithm is predicated on an accurate (and
linear) phase shifter. Thus, the DLL-based phase shifter is
evaluated in terms of its refocusing efficiency, with efficiency

Fig. 7. Power beaming in concave, flat, and convex shape configurations.
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Fig. 8. Near-field scanner power plot cuts at varying distances from array.
The 3dB contour (in y-direction) is shown in the bottom plot.
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Fig. 9. Near-field scanner power plots of refocused beams. The first percentage
is the refocusing efficiency with the DLL and the second without.

defined here as the received power from on-the-fly refocusing
normalized by the received power after running a closed loop
optimization.

A heat map of the refocused beams steered in a square of
side length 20 cm around broadside is shown in Fig. 9. The
plots also display the refocusing efficiency for the DLL-biased
phase shifter (first percentage) vs. the refocusing efficiency for
the voltage-biased phase shifter (second percentage). It should
be emphasized that the DLL is uncalibrated, whereas the fixed
control voltage uses the calibrated voltage found in Fig. 4,
although applied to chips with different process variations.
On average, the DLL-biased phase shifter has a refocusing
efficiency of 84.2% vs. 76.7% for the fixed voltage bias.

IV. CONCLUSION

A proof-of-concept scalable and flexible phased array tile
at X-band driven by custom CMOS RFICs was designed.
The array was validated in a wireless power transfer
system, and provides a path towards similar technologies in
communications and sensing.
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