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Abstract— This article reports the first chip-based demonstra-
tion (at any frequency) of a transceiver front end that transmits
and receives electromagnetic waves with a helical distribution of
wavefront phase [namely, orbital angular momentum (OAM)].
The CMOS chip consists of eight 0.31-THz modulator/detector
units, with an integrated patch antenna, which are placed in
a uniform circular pattern with a diameter of one free-space
wavelength. The chip transmits OAM modes that are digitally
switched among the m = 0 (plane wave), +1 (left-handed),
—1 (right-handed), and (+1) + (—1) (superposition) states. The
chip is also reconfigurable into a receiver mode that identifies
different OAM modes with >10-dB rejection of mismatched
modes. The array, driven by only one 310-GHz signal generation
path, has a measured EIRP of —4.8 dBm and consumes 154 mW
of dc power in the OAM source mode. In the receiver mode,
it has a measured conversion loss of ~30 dB and consumes
166 mW of dc power. Using a low-cost 65-nm bulk CMOS
technology, the terahertz (THz)-OAM chip has an area of
only 2.1 x 2.6 mm?, which is the smallest among all prior
OAM prototypes. The output OAM beam profiles and modes’
orthogonality are experimentally verified. The dynamic mode
switching capability of the chip is also verified in the time domain
across 1-m distance, and a full-silicon OAM link is demonstrated.

Index Terms— Amplifier-multiplier chain, CMOS, far-field,
OAM modes, orbital angular momentum (OAM), orthogonal,
security, terahertz (THz), uniform circular antenna array.
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I. INTRODUCTION

ULTIPLEXING of electromagnetic (EM) waves with
different frequencies, polarizations, and coding has
been extensively exploited in wireless systems. Recently,
another dimension of EM wave, the orbital angular momentum
(OAM), is attracting increasing attention. In 1909, the idea
that EM waves carry angular momentum was discussed in a
work of Poynting [1], who anticipated that circularly polarized
light should have angular momentum. In 1935, it was, for
the first time, experimentally verified by Beth [2], [3], who
demonstrated the transfer of angular momentum between
polarized light and the rotational motion of a birefringent
wave plate. Within the frame of paraxial approximations,
this angular momentum is divided into spin-angular momen-
tum (SAM) that is linked to circular polarization of the EM
wave and OAM that characterize the rotation of the Poynting
vector along the direction of propagation. The optical OAM
regime gained a great renew of interest in the 1990s when
the quantum characteristics of OAM states were discovered
[4], [5]. However, OAM in the radio frequency band was first
simulated in 2007 [6] and experimentally verified in 2011 [7].
An OAM-based wave possesses a wavefront with a helical
phase distribution around the central axis of the beam with a
phase singularity running along the axis. There are two classes
of Gaussian beams that are known to carry OAM modes:
Bessel-Gaussian (BG) beams and Laguerre—Gaussian (LG)
beams. Both are solutions of the Helmholtz equation solved in
cylindrical coordinates under paraxial approximation. Mathe-
matically, LGp, modes are given by [8]

C |2 " ,lel( 2r? )
(1+22/53) Lev@] 7A@

LGpm =

2
oG . eim (1)

where r, ¢, and z are coordinate variables for cylindrical coor-
dinate system, C is a constant, w(z) = w(0)((z> +z%)/z%)"?
is the 1/e radius of the Gaussian term with w(0) being the
beam waist at z = 0, zy is the Rayleigh range, L',',"'(x) is an
associated Laguerre polynomial, and p is the number of radial
modes in the intensity distribution. The term e/™¢ represents
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Fig. 1. Potential application of THz-OAM transceiver in physically secure

wireless link against off-beam-axis eavesdropping.

the azimuthal variation of phase with m representing its index,
i.e., the OAM mode. Note that the z-variation, i.e., variation
in the direction of propagation, is omitted for the sake of
simplicity.

Different OAM modes, determined by the handedness and
the total phase change (¢ = 2mz and m = 0, £1, £2,...)
of the wavefront twist, are orthogonal. Previously, multi-
OAM-mode transmission has been studied for the enhance-
ment of spectral efficiency [9]-[12]. In [9], four indepen-
dent OAM beams on each of two orthogonal polarizations,
modulated with 16-QAM 28-GHz signal, were multiplexed
to achieve a data rate of 32 Gb/s. At 40 GHz, the work
in [11] has demonstrated over 100 Gb/s using mode divi-
sion multiplexing with seven OAM modes (m = 0, %1,
42, 4+3) and dual-linear polarizations. However, it should
be noted that spatial-multiplexing of OAM modes does not
increase the channel capacity beyond what is achievable
in multiple-input-multiple-output (MIMO) communication
systems [13].

The terahertz (THz) band is enabling beyond-5G commu-
nications [14]-[18]. Large antenna arrays will be the basic
building blocks for such networks similar to 5G MIMO sys-
tems. An emerging challenge is the security of these wireless
links, which are susceptible to eavesdropping at unintended
positions, due to beam divergence and antenna sidelobes.
Traditionally, wireless communication is secured at network
and application layers using digital encryption techniques that
rely on the trustworthy secret key distribution. Such security
architectures are becoming computationally intensive and are
not scalable with ubiquitous THz-links operating at multi-Gb/s
with strict energy constraints and latency requirements [19].
Physical layer security (PLS) significantly relaxes the require-
ments for security at other layers [20]. OAM is a potential
candidate that can physically secure the one-way transmission
of secret keys in such networks and is easily generated from
planar antenna arrays. The instantaneous mode of an OAM
beam, when driven by the bits of the secret key, encodes the
information within the phase twist around the beam axis (see
Fig. 1). It can only be effectively detected by a receiver with
multiple phase-comparing antennas located around that axis.
Such positioning requirement boosts the robustness against
eavesdropping at off-axis locations [21], [22], where the
SNR of the inter-antenna phase gradient rapidly drops below
the detectable threshold. This makes OAM-based security
unique compared to the other PLS techniques that rely on the
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distortion of the signal constellation at unintended directions
using directional or space—time modulation [23]-[26].

Conventional OAM generation approaches involve dielec-
tric spiral-phase plate (SPP) at optical [27] and millimeter-
wave [9] frequencies, planar SPP [28], flat plate with
holes [29], passive uniform circular antenna array [10], [11],
[30], or metasurface in conjunction with separate signal
drivers [31]. These discrete solutions, however, lead to very
bulky, expensive, and power-hungry systems. Most of these
systems also cannot dynamically switch between OAM modes.
Up until now, no chip-based OAM component at any fre-
quency is reported. In this article, we, for the first time, present
a CMOS active antenna array that not only can generate and
receive OAM waves at 310 GHz but also perform electrical
OAM mode switching among the m = +1 (left-handed),
—1 (right-handed), (41) 4+ (—1) (superposition), and O (plane
wave) states [32]. The above multiplexing and security appli-
cations are, therefore, made possible at the chip scale. This
article is organized as follows. In Section II, the overall
architecture of the chip is described. Details of the 310-GHz
pixel circuits are given in Section III. Then, Section IV
presents the design of the 310-GHz signal generator. The
control algorithm for OAM mode mapping is discussed in
Section V. After showing the experiments and demonstrations
in Section VI, we conclude this article in Section VII with
comparisons with the prior state of the arts.

II. THz-OAM TRANSCEIVER ARCHITECTURE

The chip architecture is shown in Fig. 2. It consists of eight
THz modulator/detector units (referred to as pixel henceforth)
driven by a 310-GHz signal generator through a power divider.
The pixels, with their integrated patch antenna, are placed in a
uniform circular pattern. Each pixel generates radiation with a
phase difference of A¢ with respect to its neighboring pixels.
A¢ is adjusted by the LO signals from the controller, and its
values of 0°, +45°, and —45° correspond to the OAM modes
of m = 0, +1 and —1, respectively. An on-chip controller
configures the chip in either transmission or reception mode.
In the transmission mode, a Keccak block generates data of
a random key, which can be mapped to the instantaneous
OAM modes. In the reception mode, each pixel mixes its
received wave with the local 310-GHz signal and generates
an IF output. Analog phase comparison of these IF signals
enables the determination of the incident OAM mode.

A. Circular Antenna Array
The array factor for circular antenna array is given as

N-1
AF = Z [ @d"1%n gikralcos a, sin 0 cos g+sin a sin 0 sin ] )
= n
n=0

where N is the number of elements, I, and ¢, are the
excitation amplitude and phase for the nth element, k is the
wavenumber, 7, and a, are the radius and angle of the nth
element, and 6 and ¢ are polar coordinates. In a uniform
circular antenna array, a, = 2nz /N, and in order to generate
OAM modes, ¢, = nA¢ = 2nz/N. The radiation pattern
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Fig. 2. Architecture of the 0.31-THz-OAM transceiver in CMOS.

of the antenna array is determined by multiplying AF with
the simulated radiation pattern of the patch antenna. This
method is adopted to optimize the array diameter with sidelobe
suppression with a fixed number of antennas.

To generate a pure OAM state, in theory, the largest OAM
mode can be |m| < N/2. In this design, N = 8§, and seven
OAM modes (¢ = 2mn and m = 0, 1, +£2, £3) can
be generated. However, in this chip work, we demonstrate
only the m = 0, +1, —1, and £1 modes. The intensity and
phase profiles generated by the circular patch antenna array
are simulated in the full-wave EM simulator, HFSS [33], for
the four OAM modes. The far-field distributions of intensity
and phase over a non-model plane are recorded in Fig. 3.
In Fig. 3(a), it can be seen that, for m = 0, the radiated power
is centered at the beam axis, while, for m = +1 and —1, the
same radiated power is now uniformly distributed around the
central null running along the beam axis. For the superposed
mode m = (+1)+ (—1), there are two counter-rotating beams
with a null separating them along the diagonal. Fig. 3(b) shows
that left- and right-handed phases twist for m = +1 and —1,
respectively, along with the phase singularity at the center.
The plane wave has no phase variation, and the superposed
mode shows two out of phase rotations. Note that the phase
distribution is not discontinued for superposed mode; rather,
it represents an intensity null along the diagonal.

The simulated radiation pattern of the antenna array is
shown in Fig. 4. For the m = +1 mode, a sharp fall in
the array directivity at the center is observed due to phase
singularity. Note that it has a single donut-shaped lobe with
a null in the center rather than two separate sidelobes. The
sidelobes are ~20 dB lower than the main beam for the array
with a diameter of one wavelength A in air. The radiation
patterns for the antenna array with the diameters of 1.251
and 1.54 are also shown in the inset of Fig. 4, and their
sidelobes are only ~10 dB lower than the main beam. This
is undesired because it makes the transmission more prone
to eavesdropping. Therefore, a diameter of A for the circular
array is adopted in this design.

One major challenge of this antenna array is the distribution
of the 310-GHz signal to all the Tx and Rx chains with the
exact same amplitude and phase, which is required to maintain

Wilkinson
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Controller | TxRx . Antenna .
Select Tx Chain LO Rx Chain
o ;
Seed| LO Coupler + Matching Balun +
: Signals Transformer Network _| Power Combiner
——
Bits-to-mode SSB Mixer Square Law
mapping RF=19.375GHz — > Rley
¢ Tx/Rx Selecto—» SPDT F
G Lo Multiplier- Switch 2
eneration . .
Amplifer Chain 3 s106mz Buffer SSB  Phase |\
T . Mixer  Shifter
From Divider
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Search i .
car & 310GHz Reconfigurable Pixel

OAM mode: m=-1
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Fig. 3. Simulated (a) intensity and (b) phase distributions for four OAM
modes from a 310-GHz circular patch antenna array.

300 60
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Fig. 4. Simulated directivity for the circular antenna array with a diameter
of A for m = +1. The inset shows the radiation patterns for the diameters of
1.252 and 1.54.

the fidelity of OAM modes. To this end, a modular design is
adopted for the antenna array, where it is divided into four
quadrants with two pixels in each, as shown in Fig. 5. The
310-GHz signal is divided into eights pixel through a symmet-
ric 1-to-8 Wilkinson power divider. The limited space requires
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Antennal

Fig. 5. Floor plan of circular antenna array showing phase-coherent
distribution of the 310-GHz signal to all the pixels. The arrangement of circuit
blocks in the two pixels with matching networks is also shown, which avoids
phase mismatch at the Tx antenna and the Rx mixer.

the floor plan of two pixels in one quadrant to be different
(see Pixel_a and Pixel_b in Fig. 5). The matching networks
between different circuits are designed to have identical phase
shifts. This is done by folding some transmission lines to
match both the pixels. In simulations, the amplitude and phase
mismatches are negligible between the pixels. The distribution
of 8-MHz LOs (from the controller to each pixel) also follows
the same path though the phase coherence requirement, in this
case, is much relaxed. The power divider has a simulated
insertion loss of 0.8 dB and is implemented using 2-um-wide
M9 metal traces.

B. Dual-Feed Patch Antenna

To enable front-side radiation, each pixel integrates a patch
antenna that is shared between the Tx and Rx chains. To realize
such sharing, a square shape patch with two feeds is adopted so
that both feeds excite the same mode (TM( in this case) and
have the same resonance frequency (~310 GHz) [34]. As indi-
cated in Fig. 6(a), to excite the TM ;oo mode, we can either use
a differential feed symmetrically connected to the patch edge
along the x-direction or a single-ended feed connected to the
center of the patch edge along the y-direction. Accordingly,
the Tx chain has a single-ended output, and the Rx chain has
a differential input. This scheme ensures that both Tx and Rx
have the same linear polarization and helps in avoiding phase
ambiguity from the wavefront twist. When the chip is working
in the Tx mode, both Tx and Rx ports are matched, and
this leads to Tx—Rx coupling, as shown in Fig. 6(b), causing
~2-dB loss in the radiated power. In the Rx mode, the Tx
chain presents a high impedance to the antenna as its mixer
is turned off, and the Rx-Tx coupling is less, as shown in
Fig. 6(c) with ~1.3 dB loss in the received power. In future
iterations, a patch antenna with two orthogonal single-ended
feeds can be adopted that excites TM o9 and TMy;9 modes in
Tx and Rx modes, respectively, to mitigate Tx—Rx coupling.

Regarding the implementation of the patch antenna, its
radiator uses the top aluminum (Al-pad) layer of the CMOS
process and has a dimension of 218 x 218 um?. The ground
plane of the antenna is made out of the M1 and M2 layers
(~8-um below the radiator), and there is no dummy metal
filling between the radiator and the ground. The antenna is
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Fig. 6. (a) Schematic of multi-port patch antenna with the same excited

mode (TMjqp) for both Tx and Rx. Simulated s-parameters when (b) both Tx
and Rx ports are matched, and (c) Tx presents high impedance, and the Rx
port is matched.

also enclosed by a ground wall (M1-to-Al pad stack), which
is 20-um away from the patch on all sides. It reduces the
coupling with neighboring electronics and antennas while
having a negligible impact on the antenna performance. The
square shape of the antenna also has a negligible impact on
its performance. The peak directivity and radiation efficiency
of the antenna in the HFSS simulation are 5 dBi and 37%,
respectively. The antenna array has a peak directivity of 11 dBi
for the plane wave mode with the same radiation efficiency.

III. DESIGN OF THE 310-GHz RECONFIGURABLE PIXEL

The block diagram of the THz-OAM pixel is shown in
the inset of Fig. 2. The Tx/Rx mode selection is realized
by a coupled-line-based SPDT switch [see Fig. 7(a)] [35],
which directs the 310-GHz input to either Tx or Rx chain.
As shown in Fig. 7(b), the simulated insertion loss (S>;) and
isolation (S3;) of the switch, when EN = 1, are 3.8 and
15 dB, respectively. The coupled transmission lines are 40-um
long and are implemented on M9 with 5-ym width and
2-um spacing. A capacitor C; ~ 19 fF is required for
input matching, whereas the parasitic capacitances from the
24-um/60-nm NMOS devices (M; and M;) are included in
the output matching. MOSFETs in the 65-nm bulk CMOS
process have poor switching performance at THz frequencies;
although wider channel provides smaller ON-resistance, there
is also stronger coupling of THz signal from the channel to
the LO wire through the gate-channel capacitance. To block
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Fig. 7. (a) Schematic of coupled-line-based SPDT switch. (b) Simulated

insertion loss (S;1), isolation (S3;1), and return loss (S;1) for the SPDT switch
with EN = 1.

such coupling, a set of 8-kQ resistors are added in series with
the transistor gates, which improves the switch insertion loss.

A. Design of the THz-OAM Transmitter Chain

The Tx chain consists of a coupler and a transformer
for generating quadrature 310-GHz signals, followed by
a single-sideband (SSB) mixer and an antenna matching
network, as shown in Fig. 8(a). Compared to conven-
tional high-frequency phase shifters, our mixer-based scheme
offers precise phase control and phase-independent amplitude
response, which are critical to the fidelity of the OAM
wavefront. Although a double-sideband (DSB) mixer involves
simpler hardware implementation, we note that the gener-
ated upper and lower sidebands are applied with opposite
phases from the LO; in our OAM transceiver, therefore, their
associated beams would have opposite OAM modes that are
undesired. In our design, an SSB mixer based on passive quad
switches is adapted to not only suppress the upper sideband
of the output but also to minimize the power consumption.
The 8-MHz quadrature LO signals of the mixer are from a
divide-by-4 static frequency divider dividing controller clock
frequency. Although a divide-by-2 operation can also provide
the 8-MHz quadrature LO signal, the additional availability of
the LO phases (e.g., 45°, 135°, 225°, and 315°) provided in our
divide-by-4 scheme is essential to generate the OAM modes.
The phases of the RF and LO signals of the MOSFETSs are
arranged in the way that, at the central current-summing node,
the lower sidebands of all branches add up constructively,
while the upper sidebands cancel. Through the selection of LO
phases, the controller changes the THz output phase. Different
OAM modes can then be generated from the array. Mode
switching is realized by the data-driven selection of the LO
phases. The mode switching speed, although limited by the
LO frequency, is sufficient for the transmission of a secret
key (typically 256 bits).

The coupler is implemented on the MS8 layer with
2.5-ym width and 2-um spacing. The simulated insertion
loss, and amplitude and phase mismatches of the coupler are
0.5 dB, 0.1 dB, and 0.8°, respectively, as shown in Fig. 8(b).
The single-loop center-tap transformer is implemented on the
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Fig. 8. (a) Schematic for Tx chain including coupler, transformers, SSB
mixer, and matching network. (b) Simulated insertion loss and output mis-
match of the coupler. (c) Simulated insertion loss and output mismatch of the
transformer. (d) Simulated output spectrum of the Tx chain with a —16-dBm
RF input (fgr = 310 GHz) and quadrature LO signals at fio = 8 MHz.

M9 layer with 3-um width and 3-um spacing. The simu-
lated insertion loss, and amplitude and phase mismatches of
the transformer are 1.3 dB, 0.1 dB, and 0.3°, respectively,
as shown in Fig. 8(c). In Fig. 8(d), we show the EM-circuit co-
simulation results of the entire Tx chain. An overall conversion
loss of 14 dB is achieved at frr = 310 GHz, at the expense of
zero static dc power. The module also effectively suppresses
the components at frp+ fLo and frr £ 2 fLo. The component
at frr + 3 fLo, due to its constructive summation at the mixer
output node, appears at the output spectrum, with the 10-dB
rejection ratio. This component is 4 f; o away from the required
Jre- fLo component and is filtered at the IF output of the Rx.
In the future, this may be improved by adopting a polyphase
N-path mixer structure.

B. Design of the THz-OAM Receiver Chain

The schematic for the Rx chain is shown in Fig. 9(a).
For chip compactness, the receiver mode uses the same
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Fig. 9. (a) Schematic for the Rx chain. (b) Simulated receiver NF.
(c) Simulated gain of the baseband amplifier.

antenna, where the input wave is extracted through differential
feeds along with the antenna H-plane [see Fig. 6(a)]. Since
the operation frequency of our transceiver has exceeded the
transistor speed limit of the 65-nm CMOS process used here
(fmax =~ 280 GHz), a pre-amplifier in the RX front end would
not be possible. Hence, an active-mixer-first architecture is
adopted. A balun converts the differential received signal to a
single-ended signal, which combines with the SPDT-directed
310-GHz signal in a Wilkinson combiner. The 310-GHz signal
now behaves as a THz LO that down-converts the received sig-
nal inside a MOSFET-based square-law mixer. The generated
IF signal, carrying the same phase as the local input wave,
is then amplified and undergoes a phase-shifting process inside
an SSB mixer (for the same reason as that in the transmission
mode). When such a phase shift compensates for the OAM
phase gradient A¢ among the THz pixels, all IF outputs
become in-phase. The IF combiner in Fig. 2 then adds them
constructively and provides Doyr as an indicator of whether
the incident wave matches the currently selected OAM mode.
For simultaneous detection of multiple OAM modes, the pixel
IF signals can be directly extracted through pads, and amplified
and digitized using ADC. Then, relative phase shifts can be
determined by digital processing.

A return-path-gap (RPG)-based balun similar to the one
presented in [36] is used. It consists of two microstrip lines
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coupled via a slot in the ground plane (i.e., RPG). The RPG
slot, closed by four quarter-wavelength slot resonators in the
ground plane, only allows transmission (hence, input—output
coupling) of the quasi-TE-mode wave, which is excited by a
differential signal in the input microstrip lines. The simulated
insertion loss for the differential mode is ~1 dB. The balun is
implemented using 2-um-wide M9 microstrip lines and slots
in a shunted M1-M3 ground. The mixer is based on an NMOS
device (4-um/60-nm) with drain bias and sub-threshold gate
bias (Vg = 0.3 V < V). This topology yields lower conver-
sion loss as compared to a passive mixer (without drain bias)
but degrades the noise figure (NF) due to flicker noise [37].
Therefore, an R—C high-pass filter is added between the mixer
and baseband amplifier to suppress the low-frequency noise.
In the simulation, the mixer has input Pj4g of —5.2 dBm,
which is much higher than the LO power (~—16 dBm). The
non-linear downconversion process is highly dependent on LO
power, and low LO power (due to distribution of LO from
one active path) gives higher conversion loss. As a result,
in the simulation, the SSB NF of the receiver is 36 dB
at 310 GHz [see Fig. 9(b)]. Following the mixer is a two-
stage, self-biasing baseband amplifier, which has 3.2-nV/Hz!/?
simulated input-referred noise (lower than the mixer output
noise), enables an overall conversion gain of 24 dB for the
receiver chain [see Fig. 9(c)]. To generate the IF I-Q signals
for the SSB mixer, a set of broadband and compact R-C
polyphase filters (PPFs) are adopted. The SSB mixer uses the
same LO signals that are employed in the Tx chain. In the
simulation, the SSB, including the R—C PPF, has a conversion
loss of 12 dB.

IV. 310-GHZ MULTIPLIER-AMPLIFIER CHAIN

The 310-GHz multiplier-amplifier signal source is shown in
Fig. 10 (a similar design is reported earlier in [38]). At the
input of the frequency conversion daisy chain, two push—push
frequency doublers that are cascaded through a transformer are
used to convert the input signal at 19.375 GHz to 77.5 GHz,
as shown in Fig. 11(a). In simulation, the conversion gain of
two doublers is —6.8 dB [see Fig. 11(b)], and the output power
after the buffer is ~5 dBm [see Fig. 11(c)]. The schematic of
Doubler 1 is shown in Fig. 12. The millimeter-wave signal
from the frequency conversion chain drives a common-source
buffer (M;) and is then turned into differential mode through
a single-loop transformer (TF;). A push—push structure is
then used to generate the second-harmonic component while
suppressing the tone at the input frequency. As shown in
Fig. 12(b) and (c), the peak conversion gain and output
power of Doubler 1 are —3.4 and 1.5 dBm, respectively. The
simulated dc power of the entire circuit in Fig. 12 is 21 mW.

As shown in Fig. 10, before the second frequency-
doubling, the signal from Doubler 1 is converted to differential
mode using a balun and is boosted by a chain of ampli-
fiers [see Fig. 13(a)]. Since the amplifiers are based on a
pseudo-differential topology with a neutralization technique
(details to be given next), they are sensitive to any amplitude
and phase imbalance of the input signal. To minimize such
imbalance, a sub-THz balun structure based on a pair of folded
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Fig. 10. Block diagram of the 310-GHz multiplier-amplifier signal source.
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Fig. 11. (a) Schematic of the input multiplier (x4) and buffer. (b) Simulated

conversion loss of the input multiplier with P, = 6 dBm. (c) Simulated output
power of the buffer.
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Fig. 12. (a) Schematic of Doubler 1. (b) Simulated doubler conversion gain
at varying output frequency (the input power variation from the preceding
circuitry is also included). (c) Simulated doubler output power.

slot resonators [39] is adopted. As shown in Fig. 14, the balun
input and output consist of a single-ended microstrip line and

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 57, NO. 5, MAY 2022

From
Balun
Cascaded Neutralized Amplifier (155GHz) Doubler2
(a)
10 0
g
£ 57 =
© )
8 x
2 a
£ o] -
5 0 3
£ 5
< o
-5 T T . -10 ; x
140 150 160 170 280 300 320 340
Frequency (GHz) Output Frequency (GHz)
(b) (c)
Fig. 13.  (a) Schematic of Doubler 2 and its input amplifier. (b) Simulated

gain of the cascaded neutralized amplifier chain (the input power variation
from the preceding circuitry is also included). (c¢) Simulated output power of
Doubler 2 with an input power of +5 dBm.
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Fig. 14. Simulated electric-field distribution of the 155-GHz slot-based balun
with the 3-D structure shown in inset.

a pair of differential microstrip lines, respectively. A gap in the
ground plane couples the input and output; it is also enclosed
by two pairs of quarter-wavelength slot resonators that present
high impedance on the two ends of the ground gap. The
resonators are folded for compact size and minimum radiative
loss. Full-wave EM simulation shows that the insertion loss
of the balun is 1.3 dB, and the amplitude/phase imbalance is
negligible.

The signal generated by the slot balun is then amplified
by three identical, pseudo-differential amplifier stages, shown
in Fig. 13(a). The stages are coupled through central-tapped
transformers. In each stage, a cross-coupled capacitor pair is
used to create negative capacitance that cancels the Cgq of
the transistors. Although this neutralization scheme does not
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Fig. 15.

provide the highest possible gain, the device unilaterization
that this scheme enables allows for higher stability and broader
bandwidth. The simulated gain of the amplifier chain is
shown in Fig. 13(b), with an average value of ~7 dB in the
150 ~ 160-GHz band. Finally, the signal is frequency-doubled
again by a pair of push—push transistors (M3 and My). The
common node of TL; is virtual ground for the differential
155-GHz signals, whereas it is matched to output for the
in-phase 310-GHz signals. The inductive reactances provided
by transmission lines TL; (slightly shorter than 1/4) resonate
with the parasitic capacitances of the NMOS devices at
155 GHz. This boosts the swing of the device drain voltages
(hence, higher device non-linearity). TL; is used as part of the
output matching network and helps in extracting the 310-GHz
signal through a dc isolation capacitor. In the simulation, the
amplifier chain and Doubler 2 consume dc power of 57 and
24.8 mW, respectively, and the final TX output power [as
shown in Fig. 13(c)] is ~—1.6 dBm at 310 GHz.

V. CONTROLLER AND OAM MODE MAPPING

The system-level architecture of the pseudorandom key
generation and the OAM modulation controller is shown in
Fig. 15(a). The high-level protocol flow is given as follows.

1) A secret seed for key generation and an opcode are
transferred into the chip through SPI. The controller
operates with a global clock of 128-MHz frequency
and divides it into different local clocks of 16, 32, and
64 MHz.

Keccak-f[400] takes a 256-bits secret seed and generates
a 256-bits pseudorandom number, which is converted
into a secret key and phase selection bits. Each 2 bit
of the secret key corresponds to one OAM mode, while
each 3 bit of phase selection corresponds to one initial
phase distribution. The frequency of OAM modulation
achieves up to 1 MHz, while the Keccak operates with
the 32-MHz clock.

A quadrature LO is generated from the local clock,
and the antenna arrangement block changes the THz
output phase, generating different OAM modes from

2)

3)

(b)

(a) Controller architecture for pseudorandom key generation and OAM modulation. (b) Mapping between the bits of secret key and the OAM modes.

the antenna array based on the current mode and the
phase distribution selection. The LO frequency is pro-
grammable between 16 kHz and 32 MHz with a nominal
value of 8 MHz.

A. OAM Mode and Phase Selection Algorithm

Fig. 15(b) shows how the key is mapped to OAM modes.
Every 2 bit (00, 01, 10, and 11) represents different OAM
modes (m = 0, +1, —1, and +1). In order to increase
the security of the modulation scheme, eight different phase
patterns (with 45° difference) are randomly assigned to each
mode. In the superposed mode (m = 1), there exists a low-
power area (null) due to the out-of-phase beams. By randomly
switching between initial phases and hence different phase
patterns, ambiguity increases manifold for eavesdroppers.
However, random initial phases would not affect the reception
by a legitimate receiver aligned to the beam axis.

B. Pseudorandom Number Generation

Keccak-f[400] [40] is an SHA3 cryptographic core and
is used for pseudorandom number generation. The Keccak
algorithm, commonly referred to as a sponge construction,
supports two operations: absorb and squeeze. The Keccak
state can be divided into rate and capacity components with
the former determining throughput while the latter determin-
ing the security level. Keccak-f[400] implementation is used
from [41], which uses a 400-bit internal state. The rate and
capacity sizes are set to 128 and 272 bits, respectively.

In order to represent a 128-bit secret key, it requires a
64-long (128-bit/2-bit) OAM mode sequence. Each mode has
eight different phase patterns (45 x m of phase change, and
m =0,...,7) so that another 192-bits (64 x 3-bits) random
sequence is mandatory. The Keccak-f[400] block is exploited
as a source of raw entropy to generate random bits at a
clock frequency of 32 MHz. However, Keccak could only
produce 256 bits, while we require 320 (128 bits for secret
key and 192 bits for random phase pattern) random bits. Thus,
we assigned the first 128-bit secret key. Then, the first 196 bits
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Fig. 17. Breakdown of the measured power consumption of the chip.

(most significant (MSB) 196 bits) are XORed with the next
196 bits (least significant (LSB) 196 bits) to generate phase
pattern selection bits.

VI. EXPERIMENTAL RESULTS

The THz-OAM transceiver is fabricated in a TSMC 65-nm
bulk CMOS process, and its die photograph is shown in
Fig. 16. The chip occupies an area of 2.1 x 2.6 mm?. The
measured total dc power consumption by the chip is 154 and
166 mW in the Tx and Rx modes, respectively. The breakdown
of power consumption of different components is shown in
Fig. 17.

A. Characterization of Transmitter Mode

The measurement setup for the characterization of the
Tx mode of the chip is shown in Fig. 18(a). Given the rel-
atively large divergence of the OAM beam (due to the
central null), a detachable low-cost TPX polymethylpentene
lens (diameter = 25.4 mm and focal length = 10 mm) is
placed at the front side of the chip to collimate the beam
[see Fig. 18(b)]. The lens has a measured gain of ~20 dB.
An SPP is used to convert a plane wave to OAM modes and
vice versa, by introducing a linear phase variation along the
azimuth direction. A custom-designed THz SPP is 3-D printed
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Fig. 18.  (a) Diagram of the experimental setup for transmission mode
characterization. (b) Photograph of the test setup. Rx is at a distance of 1 m
from the transmitting chip, and an SPP is placed in between. The insets show
the chip package with and without the lens and the structure of SPP.

using polylactic acid (PLA) material, as shown in the inset of
Fig. 18(b). The total height of SPP is given by the following
equation:

h=hy+h(@) = hy + —2F 3)

27 (n — ny,)

where m is the OAM mode, 4 is the wavelength in air, ¢ €
[0,27), and n is the refractive index. The relative dielectric
constant of PLA obtained from the vendor’s datasheet is 2.5,
and hence, n = 1.58. This gives ramp height #(27) of 1.68 mm
for m = +1 and —1 modes. The base height 4, is chosen to
be 4.45 mm, which gives a measured loss of 12 dB.

First, the radiated power of the OAM array is measured by
configuring the chip to generate a plane wave (m = 0 mode)
and by placing a VDI WR-3.4 sub-harmonic mixer with an
internal amplifier (combined conversion loss ~0 dB) and a
feed horn 25 cm away. The corresponding EIRP is determined
by the Friis equation [42] as

47 R?
EIRP = P+ CLy — Gg +201og 7 4)

where P is the measured IF signal power, CL,, is the
conversion loss of the mixer, G is the feed horn gain (26 dBi),
R is the distance between Tx and Rx, and 4 is the wavelength.
The peak measured EIRP of the chip is —4.8 dBm, as shown in
Fig. 19. Next, the VDI receiver is mechanically scanned across
a 2-D plane facing the chip in order to measure the wavefront
intensity distribution of the chip output. The results in Fig. 20
show the expected null at the center of the m = +1 OAM
mode. Our chip also enables and utilizes the superposition of
the m = +1 and —1 modes, and the measured intensity plot in
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TABLE I
Tx MODE CHECKING

Tx Mode Rx SPP Prx (dBm)
0 No SPP -50
0 +1 -69
0 -1 -70
+1 No SPP -58
+1 +1 -64
+1 -1 -81
-1 No SPP -58
-1 +1 -80
-1 -1 -64
+1 No SPP -76
+1 +1 -68
+1 -1 -67

Fig. 20 presents the expected standing peaks and nulls as the
result of the summation of the two counter-rotating wavefronts.

Direct measurement of phase spatial distribution is chal-
lenging due to the required um-level Rx position precision
at THz frequency; instead, the setup shown in Fig. 18 is
adopted, where an SPP is placed in front of the VDI receiver
and serves as “mode filter” by converting the input with
the matched OAM mode into a plane wave. For different
combinations between OAM modes of the transmitting array
and the configuration of Rx SPP (m = +1 or —1), the VDI
receiver output power is recorded in Table I. The measured
spectra for the highlighted rows in Table I are shown in
Fig. 21, showing a 17-dB difference between the matched
and unmatched cases, indicating the purity of OAM modes
generated by the chip. Note that, when the Rx has no SPP and

cid Ref -30.00 dBm v _Ref -30.00 dBm

Matched Modes Unmatched modes

] 000 k3]

‘Span 4.000
Sweep (FFT) ~308.0 ms (1001 pts)]

Center 400.000 Mz ‘Spar
#Res BIW 100 H2 Sweep (FFT) ~368.0 ms (1001 ps

#VBW 100 Hz VB 100 Hz

Fig. 21.  Tx OAM mode-checking: a 17-dB difference in IF power is
measured when the Tx mode is +1, and the Rx SPP is 4+1 (matched) and —1
(unmatched).
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Fig. 22. Time-domain output of the receiver configured to respond to different
OAM modes when it is illuminated by the same OAM sequence generated
by on-chip Keccak.

when the Tx mode is non-zero, ideally, the Rx output power
should be low, but any off-axis misalignment of the OAM
array will get the Rx antenna to point at a non-zero portion
of the OAM wavefront, resulting in non-negligible received
power. It should also be noted that the Pgry values in the table
include the SPP loss except for the “No SPP” case.

In order to demonstrate the dynamic switching among
OAM modes, the chip output mapped from a repeated
1-Mb/s Keccak-generated data sequence is verified, and the
time-domain outputs of the Rx with different SPP config-
urations are shown in Fig. 22. It shows good correlation
with matched modes, partial correlation of the m = +1 or
m = —1 modes with the m = (41) 4+ (—1) superposition
mode, and the rejection of unmatched modes. Note that,
in Rounds 2 and 3, the amplitude is lower than that in
Round 1. This is due to the additional loss from the SPP.
The presence of superposed mode with random initial phases
increases the difficulty of eavesdropping by randomly posing
intensity nulls to the eavesdropper, though at the expense of
higher error probability for the legitimate receiver, as can be
seen in Fig. 22. Note that the demonstrated 1-Mb/s data rate is
for the intended application of transmission of the secret key
and not the maximum achievable data rate of the proposed
RF-frontend architecture.

B. Characterization of Receiver Mode

To test the reception mode of the chip, a VDI WR3.4 source
(P,y; = —5 dBm) is used. With an SPP inserted (see Fig. 23),
the setup becomes an OAM mode generator. For different
combinations between the configuration of Tx SPP (m =
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Fig. 23. Diagram of the experimental setup for receiver mode
characterization.
TABLE 1I
Rx MODE CHECKING
Tx SPP Rx Mode Pir (dBm)
No SPP 0 -64
No SPP +1 -74
No SPP -1 -75
No SPP +1 -74
+1 0 -89
+1 +1 -78
+1 -1 -90
+1 +1 -84
-1 0 91
-1 +1 -89
-1 -1 -78
-1 +1 -85
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Fig. 24. Measured spectrum of combined IF in the Rx mode when Tx SPP
is +1, and the Rx mode is 4+1 (matched) and —1 (unmatched).
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Fig. 25.  Measured conversion loss of a single pixel for the plane wave
mode (m = 0). The calculation assumes that the power incident to the chip
is divided equally among the eight antennas.

+1 or —1) and OAM modes of the receiving array, the
combined IF power is recorded in Table II. The chip shows
> 10-dB rejection when the OAM modes on the two sides are
unmatched for all combinations of the modes. One example
is shown in Fig. 24, when the VDI Tx is always in m =
+1 mode, whereas the chip detection mode is configured to
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Fig. 26. (a) Diagram of the experimental setup for the characterization of
full-silicon OAM link and sensitivity to co-axial alignment. (b) Photograph
of the test setup.
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Fig. 27. (a) Measured sensitivity of OAM Tx-Rx to co-axial alignment.
(b) Measured alignment angle sensitivity for the plane wave (m = 0) and
OAM (m = +1) modes.

m = +1 and m = —1, respectively, and the rejection is 12 dB.
The measured conversion loss of the chip for the plane wave
(m = 0) is ~30 dB, as shown in Fig. 25. The LO distribution
network for the Rx chain seems shifted upward resulting in
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TABLE III

COMPARISON WITH PRIOR RF AND mm-WAVE OAM PROTOTYPES

Nature Comm. 14 [9]

Wireless Comm. *17 [10]

ICCW 20 [11]

This work

Implementation

Discrete Transceivers
+SPP+Quasi-Optical Beam

Active-Driven Antenna
Arrays+Parabolic

Active-Driven Antenna

Active-Driven Antenna
Array on a 65-nm CMOS

Diameter (cm)

Combiner Reflectors Arrays Chip+Teflon Lens
Frequency (GHz) 28 10 40 310
OAM Modes +1, £3 +2, £3 0, £1, £2, 43 0, +1, -1, +1
Data Modulation 16 QAM/MOQe Dual 32 QAM on each mode, 256 QAM{que Dual Blts—to—Mot'ie OAM
Polarization Full Duplex Polarization Hopping
Radiated Power (dBm) 8 0 11.5 -24.8 (-4.8 EIRP)
Antenna Aperture 30 60 120 135

Application

Enhanced Spectral
Efficiency

Enhanced Spectral
Efficiency

Enhanced Spectral
Efficiency

Physical-Layer Security

DC Power (mW)

N/A

N/A

N/A

154 (Tx), 166 (Rx)
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lower LO power input to the down-conversion mixer at the
lower frequency end. This explains the discrepancy between
the simulation and measurement results.

C. Characterization of CMOS OAM Link

Finally, a full-silicon OAM link is tested using the measure-
ment setup shown in Fig. 26. Two chips configured in Tx and
Rx modes, respectively, are placed 20 cm apart. Both the chips
are configured to be in the m = 41 mode, and the combined
IF output from the Rx chip is measured with controlled axial
misalignment, as shown in Fig. 27(a). It is evident that the
reception is highly sensitive to the Rx offset from the array
axis demonstrating the aforementioned PLS. Note that the
experiment is performed with the matched modes. Without
prior knowledge of the mode (as for eavesdropper), the mode
detection will be even harder with offset misalignment. The
measured beam profiles (using the setup shown in Fig. 18),
when both Tx chip and Rx SPP are in mode m = 0 and
+1, are shown in Fig. 27(b). The result clearly shows that
an OAM Tx-Rx link, compared to its plane-wave counterpart,
has a much higher sensitivity to angular misalignment.

VII. CONCLUSION

A 0.31-THz uniform circular patch antenna array is demon-
strated in the 65-nm CMOS process that can transmit and
receive waves carrying OAM. The chip is capable of dynami-
cally generating data-driven OAM modes: m = 0, +1, —1, and
(+1) 4+ (—1), as well as detecting these modes with >10-dB
rejection of mismatched modes. Table III provides a compari-
son with other discrete-component-based RF and mm-Wave
OAM prototypes. Note that, in the compared works, each
OAM mode is transmitting its own independent data stream,
and multiple OAM modes are spatially multiplexed to enhance
spectral efficiency. However, in our work, a single data stream
is encoded in multiple OAM modes to transmit it securely. Our
work is also the first demonstration of a full-silicon OAM link
at any frequency and is the first hardware delivering dynamic
OAM mode switching in the THz regime.

The presented work opens up opportunities in mode-
multiplexing wireless communications and PLS for one-way
key transmission using low-cost microelectronic chips. The

chip can use OAM modes for transmitting security keys (usu-
ally 256 bits) at a relatively low data rate (limited by the SNR
due to the central null) and then switch to the plane wave mode
for exchanging symmetrically encrypted data at higher data
rates. In future iterations, the 155-GHz power amplifier (PA)
and the frequency doubler can be integrated inside the pixel.
This will not only improve the link budget for high-speed
wireless communication but also make the architecture more
scalable for higher OAM modes. PA-integrated pixels placed
in concentric circles and all driven by the same reference
signals will make the generation and multiplexing of higher
order OAM modes feasible. This will empower a wide range
of new applications of OAM in the THz regime [43]-[45].
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