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Abstract

Coherent addition of electromagnetic sources is essential for scaling radiation power and brightness beyond
the limits of individual emitters. Yet achieving robust, continuous phase control in waveguide systems at high
power remains a major challenge. Here, we demonstrate coherent combining of microwave sources in metal-
lic waveguides using geometric (Berry) phase locking. By controlling the polarization evolution of circular-
waveguide modes on a generalized Bloch sphere, we realize a compact, passive phase shifter based on a rotated
dielectric birefringent metamaterial implemented with subwavelength gratings. The device provides determin-
istic, continuous phase control via Berry-phase accumulation while sustaining high electromagnetic fields. We
experimentally demonstrate stable phase shifting up to 2.3 MW peak power and near-ideal coherent combin-
ing, achieving simultaneous doubling of output power and brightness. This work establishes a geometric-phase
paradigm for high-power microwave control and coherent addition, providing a scalable route to phase-stable,
high-brightness microwave systems.

Introduction

Coherent addition is a central strategy for generating high-power, high-brightness electromagnetic radiation,
particularly in the high-power microwave (HPM) regime' ™, where the required output power exceeds the capa-
bilities of individual sources. Coherent combining can be implemented either in free space or within hollow
metallic waveguides, the latter being especially attractive for HPM applications owing to their low insertion loss
and exceptional power-handling capacity. In waveguide-based architectures, coherent addition typically relies
on a power combiner together with a phase shifter at one input to establish and maintain phase locking. Phase
locking mechanism ensures that the wavefronts of all separate sources’ channels are completely synchronized in
time and space to merge beams into a single, high-power, diffraction-limited beam, bypassing the damage thresh-
olds of individual components. Existing high-power phase-shifting approaches—including mechanically tuned
elements, mode-conversion structures, ferrite-based devices exploiting the Faraday effect, semiconductor-based
tunable elements such as PIN diodes and varactors, and ferroelectric or liquid-crystal components—are limited
by trade-offs among power handling, insertion loss, physical footprint relative to the wavelength, and the speed
or continuity of phase control> .
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Phase shifts can be achieved by controlling the polarization state of light via Berry-phase accumulation, also
known as the geometric phase, ¢ gg’lo. This concept enables spin-controlled phase modulation by exploiting
the photon spin associated with the intrinsic angular momentum of left- and right-circularly polarized light.
Dielectric Berry-phase metasurfaces (BPMs), composed of subwavelength dielectric gratings, have been dem-
onstrated in free-space applications for precise polarization control'!’. Their all-dielectric construction offers
both high-power resilience and a compact footprint. Subwavelength gratings act as effective layers of a uniaxial
crystal'>!3?8 introducing strong anisotropy into the material. In particular, a binary one-dimensional grating is
presented in Fig. 1(b) with subwavelength period A consisting of two alternating dielectric materials with permit-
tivities €, and €, and widths t; and t, respectively, functions as a birefringent metamaterial. This inherent anisot-
ropy allows the structure to operate as a zero-order retarder, enabling precise manipulation of the polarization
state of the incident wave.

In free space, the polarization state is conventionally represented on the Poincaré sphere using an orthogonal
basis of left- and right- circularly polarized states. Within metallic waveguides, the analog of circular polariza-
tion is realized through the linear superposition of two orthogonal linearly polarized degenerate modes. Circular
waveguides naturally support such orthogonal modes due to their axial symmetry. In particular, the circularly
polarized TE,; modes, TE,;* and TE,;", can be expressed as |TE})=(|TE}, )+ i|TES) ))/v2, where |TE}, ) and
ITE7} ) are the orthogonal linearly polarized modes oriented at 0° and 90° relative to the x-axis of the waveguide
cross-section. The circular polarization modes form an orthogonal basis for the waveguide modal states, such
that any superposition can be written as |a,b) = a |TE};) + b |TE7; ).These states can be mapped onto a generalized
Bloch sphere by the transformation, a = cos(6/2) and b = ¢! sin (9 /2), giving ¥ = cos (%) |TEY, ) + € sin (%) ITET; ), as

illustrated in Fig. 1(c). This representation provides an intuitive geometric framework to describe the evolution
of polarization states and the accumulation of Berry phase®** in waveguide systems>'. Note that Poincaré sphere

can be regarded as a specific case of Bloch sphere for free space modes of polarized plane waves.

(b)

Fig. 1 Principle of coherent addition of two sources via Berry-phase accumulation. (a) Two circularly polarized waveguide
mode sources are converted from |TE;)to |TEL )by half-waveplate birefringent phase modulators (HWP-BPMs). The
orientations of the HWPs, o, and o, (red and blue arrows), induce Berry-phase accumulation that results in a net zero rela-
tive phase delay between the sources. (b) Schematic of the BPM structure, consisting of a dielectric uniaxial subwavelength
grating with period A, dielectric ridge width t,, air gap t,, and retarder length (thickness), h, along the propagation direc-
tion. (c¢) Polarization transformations induced by the rotated BPMs, represented as geodesic trajectories on the generalized
Bloch sphere. The azimuthal angles ¢ are related to the BPM rotation angles by ¢, =2a, (red arc) and ¢, =20, (blue arc). The
enclosed solid angle, Q, corresponds to twice the difference in Berry-phase accumulation between the two sources.
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The evolution of the waveguide modal state is visualized at Fig. 1(c) as a trajectory on the generalized Bloch
sphere. Manipulation of this state is achieved using adiabatic operators, such as retardation and rotation. A retar-
dation operator, which induces a geodesic transition between the north and south poles of the sphere, can be
implemented with a half-wave plate (HWP). Rotation of the HWP around the axis of the waveguide by an angle
a corresponds to an operator, which rotates the geodesic trajectory by 2a and thereby functions as a phase shifter
through Berry-phase accumulation as illustrated in Fig. 1(a). The resulting geometric phase is equal to half of the
solid angle Q subtended by the trajectory on the Bloch sphere, such that ¢ , = A¢ = 2 / ,=(@y—9y)=2(a—ay).

This framework provides a direct and intuitive geometric interpretation of phase control in waveguide systems,
linking modal evolution, polarization manipulation, and Berry-phase-mediated coherent addition.

Here we demonstrate coherent addition of two waveguide microwave sources mediated by geometric (Berry)
phase accumulation, achieved through controlled evolution of waveguide-mode polarization on a generalized
Bloch sphere. We introduce a high-power-resilient phase shifter based on a rotated dielectric BPM embedded in
a single-mode circular waveguide, enabling deterministic phase control and coherent combining. This approach
achieves simultaneous doubling of power and brightness of a waveguide mode relative to a single microwave
source, establishing a geometric-phase paradigm for scalable, high-brightness high-power microwave systems.

Results

To realize Berry phase manipulation, we embedded a uniform, subwavelength BPM within a single-mode cir-
cular waveguide, where it interacts with the spatially varying polarization of the TE,; mode. On this basis, we
designed and simulated alumina-based subwavelength binary gratings that function as 7/2 and =« retarders, cor-
responding to QWP and HWP, respectively. Figure 2 illustrates the polarization control achieved at an operating
frequency of 2.856 GHz. The initial waveplate geometries were analytically determined using effective-medium
theory, accounting for the guided wavelength within the circular waveguide. This preliminary design was subse-
quently refined using finite-element frequency-domain (FEFD) simulations to optimize the final BPM geometry.

The spatially varying input mode interacts with the uniform BPM retarder to yield high transmission accompa-
nied by high-purity mode conversion, which is visualized in Fig. 2(a) and 2(b) as trajectories on the generalized
Bloch sphere. We examine how a uniform BPM can coherently interact with a space-variant waveguide mode
while preserving modal purity during propagation. Modal purity is quantified through spatial Stokes-parameter
correlations between the ideal target mode and the obtained output modes, depicted at Fig. 2(c), 2(d) and 2(e)
respectively. Using this approach, we achieve mode-conversion efficiencies exceeding 95% for both the QWP
and HWP implementations.

The high modal purity arises from operation in a single-mode waveguide, which suppresses non-propagating
higher-order modes and prevents their accumulation during propagation. The dominant interaction between the
space-variant waveguide mode and the uniform BPM occurs in the central region of the mode, where the polar-
ization is nearly uniform and the field intensity is maximal. By contrast, boundary-induced perturbations near the
metallic walls primarily excite higher-order modes that carry negligible power, as the local intensity density (S,)
is minimal. Consequently, these contributions lead to only minor losses, resulting in high overall transmission
efficiency.

The Berry phase shift is illustrated in Fig. 2(f) as a function of the HWP rotation angle, «, and is calculated as
¢, =arg (( |[HWP' (a ) [HWP(a ;) |9 )), where [ ) =|TEf,) denotes the initial waveguide mode and HWP(a) repre-
sents the operator of a rotated HWP. The resulting phase shift closely follows the expected linear relation ¢ , = 2«
while maintaining a high degree of spatial uniformity across the mode profile as shown in Fig. 2(f), insets. The
spatial distribution of the geometric phase is nearly uniform in the central region of the waveguide, where the
field intensity is highest, and exhibits deviations of up to +£2° near the metallic boundary. Because the intensity
density is minimal in this boundary region, these deviations contribute negligibly to the net phase accumulation.
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Fig. 2 Numerical simulation of BPMs in a circular waveguide. (a, b) Simulated input and output modes of a QWP (a) and
HWP (b) BPM. Insets show the corresponding polarization-state transformations mapped onto the generalized Bloch sphere.

The QWP converts the linearly polarized mode |TE‘1’1 ) into left-handed circularly polarized mode |TE7; ), whereas the HWP
converts the right-handed mode |TET, ) into left-handed |TET; ) mode, accumulating a Berry phase that induces a phase shift
of 2a. The QWP parameters are A=14.8 mm, t;=6.8 mm, t,=8 mm, h=14.8 mm and the HWP with A=20 mm, t;=7 mm,
t,=13 mm and h=53.5 mm. Both structures are fabricated from alumina with relative permittivity £, =9.9 and 90 mm diam-
eter, same as the inner waveguide size. (c - e), Spatial Stokes parameters (S,-S;) comparing the ideal |TE7; ) mode (c) with
the QWP (d) and HWP (e) output modes. (f) Berry phase ¢, as a function of the BPM rotation angle a at f=2.856 GHz.
Insets show the spatial phase-shift distributions for a=30° and a=90°.

Together, these results demonstrate that the BPM structures function as highly efficient mode converters and
spatially uniform phase shifters, combining high transmission efficiency with robustness suitable for high-power
operation. For frequencies away from the design frequency, the retardation deviates from the ideal half-wave
condition due to its approximately linear dependence on frequency. Consequently, the state evolution on the
generalized Bloch sphere no longer reaches the antipodal point exactly, leading to an output field that is a super-
position of the desired mode and the original input mode. Furthermore, filtering the desired mode, left-handed
circularly polarized mode |TE7; ), at the output preserves the target geometric phase response, at the cost of some
reduction in efficiency. Therefore, the phase shifter for the desired mode has a broad bandwidth since geometric
phase is achromatic, while maintaining the relation ¢, =2a«, as opposed to traditional phase shifters based on
dynamic phase which are affected by frequency. The reduction in efficiency can be improved using achromatic
retarder designs™’.

The mode-conversion efficiency of circular waveguide modes | ) =|TET;) propagating through a BPM is
defined using an operator approach by 7 =|(to. — teo- ¢# ) /2|"'>"3, representing an effective modification of the
free-space derivation. Figure 3b depicts the transmission coefficients, t,. and o, of the orthogonal linearly
polarized modes, |TE‘1’; yand |TE?‘1’° ), within a circular waveguide. The approximation for the phase retardation, ¢
, between these modal states is defined by 6 == f,/f, where f, is the working frequency. For an ideal half-wave
plate (HWP) BPM characterized by equal transmission magnitudes and a = phase retardation, 100% efficiency
is achieved. The simulation shows maximum 93% conversion efficiency and a bandwidth of 300 MHz. Figure 3¢
illustrates the theoretical agreement between the operator-derived efficiency, », and the numerically simulated
circular mode conversion efficiency, n* = (TE],|[HWP|TEY,), across this 300 MHz bandwidth. When the waveplate
deviates from ideal parameters, the efficiency drops and an unaffected mode behaves as an intrinsic loss in the
waveguided system. Unlike the analytical operator approach, the full-wave simulation rigorously accounts for
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Fig.3 Simulated conversion efficiency of a circular waveguide mode propagating through HWP BPM. (a) Full-wave simula-
tion of the HWP-BPM at the operating frequency of 2.86 GHz under an incident TE}; mode. (b) Transmission coefficients,
to- and to- (left axis), alongside the phase retardation ¢ and its linear approximation, & (right axis). (¢) Calculated effi-
ciency, 7, evaluated from panel (b) (blue line) compared with the numerically simulated conversion efficiency between
orthogonal circular modes, 1 * (black dashed line). The black horizontal line indicates the operational bandwidth. (d) Spatial
electric field magnitude distributions at selected resonances (2.75, 3.01, and 3.03 GHz) compared to the optimal working
frequency of 2.86 GHz. Resonances are marked by black star, green arrow and blue rhombus respectively, while working
frequency of 2.86 GHz marked by two red triangles. The black star and left red triangle are excited by 1TE?? y mode; the

right red triangle and the green arrow and blue rhombus are excited by the 'TE?1 y mode.

waveguide boundary conditions and the continuous superposition of the circular mode propagating through the
BPM.

Furthermore, the operational bandwidth is fundamentally constrained by structural resonances arising from
the interaction between the incident waveguide mode and the waveplate’s anisotropy. Figure 3d highlights that
the optimal working frequency of the HWP resides between two distinct resonances, which couple to the |TE, )
and |TE]} ) modes at different frequencies. The resonances originate from a macroscopic Fabry-Pérot across the
entire metamaterial block, whereas the lower- and higher-frequency resonances correspond to transverse and
longitudinal modes (marked by a black star and a blue rhombus, respectively).

To evaluate high-power durability, we simulated the electric field distribution at the operating frequency. As
depicted in Fig. 3a, the peak electric field magnitude reaches 1 kV/m for 1 W of input power. This value scales to
a theoretical breakdown limit of 10 MW in unpressurized air (1 atm) and 90 MW in an SFs environment, assum-
ing an ideal waveguide geometry. In practice, these thresholds are reduced by manufacturing tolerances and the
integration of standard RF line components (e.g., couplers, isolators, and gas inlets). Consequently, pressurization
to 2 atm of SFs is standard protocol to sustain multi-megawatt operation.

Guided by numerical simulations, we fabricated metallic circular waveguide using a CNC technique and two
alumina based QWPs; we experimentally verified a retardation of 90°, with measured transmission efficiencies
exceeding 90% along both the slow and fast axes as shown in Fig. 4(a). Figure 4(b) illustrates the elements that
were assembled into a compact phase-shifter architecture consisting of a stationary QWP oriented at 45°, which
converts the input |TE}, ) waveguide mode from linear to circular polarization, followed by a rotating QWP and
a mirror. Note that the microwave source operated in the |TE‘1’°1 y mode, coupled from a rectangular waveguide
into a circular one. The rotating QWP—mirror combination functions as a Berry-phase phase-shifting element
by exploiting the reflection symmetry of an HWP. The resulting double pass through the rotating QWP is topo-
logically equivalent to the action of a rotated HWP, enabling continuous geometric-phase control within a short
interaction length. This design yields a compact and efficient phase shifter that relies on a single BPM element.
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Fig. 4 Experimental demonstration of a compact Berry-phase shifter based on a QWP-BPM. (a) Experimental characteriza-
tion of the QWP-BPM. Measured transmission coefficients along the slow (red) and fast (green) axes, and the corresponding
phase retardation between the two axes (blue). A retardation of 90° is obtained at 2.88 GHz (black dashed lines), at which
the device operates as a QWP. Inset (upper image) depicts the experimental characterization at the working frequency band-
width. (b, c) Operating principle of the reflection-type Berry-phase shifter. (b) Mode evolution inside the phase shifter. Upper
insets show the forward-propagating modes |1) to |3), while lower insets show the reflected backward-propagating modes |4)
to |5). (c) Corresponding modes evolution represented as a trajectory (red curve) on the generalized Bloch sphere; discrete
states |1) to |5) are indicated by red markers. (d) Measured phase shift as a function of rotation angle. Theoretical prediction
is shown by the black dashed line. Experimental results are shown for low-power measurements (blue circles), and for high-
power operation at 100 kW (red triangles) and 2.3 MW (yellow circle).

The evolution of the modal polarization state within the phase shifter is visualized in Fig. 4(c) as a trajectory
on the generalized Bloch sphere. The evolution from the initial state [1) to the final state |5) traces a closed
path, resulting in the accumulation of a Berry phase. This phase, ¢, equals half of the enclosed solid angle Q and
is equivalently twice the rotation angle a of the rotating QWP. As a result, the output state acquires a controllable
phase shift of 2a such that |5) =e22|1) .

The performance of the reflection-based phase shifter was characterized across both low- and high- power
regimes. Low-power measurements were carried out using a vector network analyzer with a 10 mW continuous-
wave source, enabling phase-shift measurements with a resolution of 0.1° at the QWP operating frequency of
2.88 GHz. The measured phase response shows excellent agreement with theoretical predictions depicted by the
blue symbols in Fig. 4(d). High-power operation was evaluated at 2.856 GHz using 5 us pulses at a 50 Hz repeti-
tion rate. Under atmospheric pressure, the device sustained peak powers up to 100 kW without electrical break-
down, as confirmed across five fixed phase settings depicted by the red symbols in Fig. 4(d). By pressurizing the
system with 10 psi of SFs, the maximum peak power was extended to 2.3 MW which is depicted by the yellow
symbol in Fig. 4(d), demonstrating stable phase control under extreme electromagnetic fields.

The experimentally observed breakdown threshold aligns well with expected field limits; while theoretical
models predict breakdown limits in the tens of megawatts for perfect waveguides, practical power handling is
typically restricted to the megawatt regime by standard inline components such as circulators and couplers. Fur-
thermore, Fig. 5b illustrates that a conversion efficiency resonance is located near the measurement frequency
(2.856 GHz). This proximity enhances the local electric field, which lowers the breakdown threshold to 15 MW
at 1 atm of SFs. The phase shifter efficiency, illustrated in Fig. 5b, was measured using a vector network ana-
lyzer and found to be 90%, demonstrating strong correlation with the full-wave simulation of the propagating
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Fig. 5 Efficiency and characterization of the reflection-type Berry-phase shifter. (a) Experimental and simulated mode-con-
version efficiency for a double pass through the QWP. (b) Measured overall efficiency of the Berry-phase shifter as a func-
tion of frequency. (¢) Experimental low-power characterization setup. The top panel illustrates the 3D system design, while
the bottom panel shows the assembled laboratory device. The right inset displays the BPM positioned inside the circular
waveguide. (d) Full-wave FEFD simulations of the reflection-type Berry-phase shifter at the destructive resonance frequency
(top) and at the optimal operating frequency (bottom).

and reflected modes. For high-power operation, an additional 1 dB insertion loss from the RF circulator must be
accounted for.

The measured efficiency is in good agreement with the mode conversion efficiency of a double pass QWP
(effective HWP in reflection) as depicted in Fig. 5a, whereas the observed resonances and reduced bandwidth in
Fig. 5b are attributed to the multiple passes within the reflection-type phase shifter.

Figure 5d visualizes the full-wave simulation of the modal state evolution: the input |TE], ) mode is converted
to a |TEy, ) state by the stationary BPM (QWP1). The rotated BPM (QWP2) generates the |TET ) state which
is reflected by a metallic mirror into the |TET; ) state, acquiring a geometric phase shift of 2« . Finally, the first
BPM converts the mode back to the linearly polarized e+ |TE?, ) state with the accumulated phase at the operat-
ing frequency. However, at a destructive resonance, the device does not operate as intended; consequently, the
functional operating bandwidth of the Berry-phase shifter is fundamentally bound by these structural resonances

Figure 6(a) illustrates the phase shifter that was integrated with a waveguide power combiner via a circula-
tor to demonstrate coherent addition of microwave sources. One source was coupled directly to one input of the
combiner, while the second source was routed through the phase shifter, allowing precise control of the relative
phase between the two inputs. Two experimental configurations were investigated. In the first, a single source
was split into two coherent channels prior to recombination, establishing a baseline for ideal phase-controlled
combining. Figure 6(b) shows the second configuration in which a common seeder drove two independent ampli-
fiers, introducing uncorrelated noise in each channel and thereby providing a more stringent test of the robustness
of the phase-control and coherent-combining scheme.
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Fig. 6 Coherent combining of two microwave sources. (a, b) Experimental implementation of a two-way single mode rect-
angular waveguide power combiner (WR284, the dimensions cross-section of the rectangular waveguide 2.84 x 1.34 inches).
The input ports P1, P2, and output port, Pout, are indicated by red markers. A reflection-type circular-waveguide Berry-phase
shifter is integrated into the path of source 2 via a circulator and a rectangular-to-circular mode converter. (b) Seeder con-
figuration feeding two amplifiers, intentionally introducing additional temporal and amplitude noise. (¢) Measured output-
to-input power ratio as a function of the phase-shifter rotation a, showing a maximum value of 1.978 (green marker). Insets
show voltage measurements of the inputs P1, P2 and the output O, at two operating points, corresponding to destructive
interference (residual output-to-input amplitude ratio of 0.018, red) and constructive interference (amplitude ratio of V2,
green). (d) Output power ratio (purple), normalized to mean of P1, as a function of rotation angle a, exhibiting the expected
cosine dependence despite excess noise in the individual input powers P1 (blue) and P2 (red). A maximum power ratio of
1.736 is achieved at 2.856 GHz. The power ratio error is +0.07 and the rotation error is +5°. A fit to sine curve (dotted black
line) with an amplitude 0.9 and phase shift of —6.9° shows maximum=5% deviation from the measured power ratio. (e)
Interferometric performance of the power combiner. With 1 W applied to P1 and P2 terminated, the measured 0.5 W output
confirms design-compliant interferometric behavior.

When two waveguide modes, [¢,,,) and [¢,,,), are coherently combined into a single output mode [ ), the
resulting field can be written as ¢ ,,) = % (I 101 + ¥ 1,2)), where the normalization factor ensures energy .oneer-

vation. The corresponding output power is By, = [¢ ,,,|° = §|zp wal+ %lz,b mal” 19 51l [9 1l cos (@), with ¢ denoting

the relative phase between the two inputs. For two identical coherent sources, [¢,,,) = [¢;,,) = [¢;,) and zero rela-
tive phase (¢ = 0), the output field amplitude becomes |y ,,,| = v2[$ ;,|, yielding an output power B, = 2P,, where
Py, is the input power of each channel. This result encapsulates the fundamental principle of coherent addition:
phase-aligned inputs combined constructively to enhance power.

The electric-field amplitude inside the waveguide was measured using directional couplers at the input and
output ports for different angular positions, a, and recorded with a high-speed oscilloscope as shown in Fig. 6(c).
Measurements were performed at two representative angular settings (red and green markers), revealing clear
destructive interference at one extreme (red) and constructive interference at the other (green). At constructive
interference, the measured input-to-output field ratio approaches the theoretical value of V2. The output power
exhibits the expected cosine dependence on the relative phase, with a maximum power enhancement approach-
ing a factor of two. The measured coherent combining efficiencies of two sources reach 98.9% at 2.88 GHz and
86.8% at 2.856 GHz as depicted in Fig. 6(c) and Fig. 6 (d), respectively.

To ensure measurement accuracy, the experimental setup was calibrated directly at the input ports of the power
divider (P1 and P2) using a destructive interference nulling technique, guaranteeing equal field amplitudes at both
ports. By utilizing this calibration to offset the intrinsic insertion losses of the phase shifter, residual interference
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imperfections were isolated strictly to the phase and amplitude noise of the independent amplifiers. The analyti-
cal fit in Fig. 6(d) exhibits a 6.9° phase offset and a normalized amplitude of 0.9. Calculated from the raw data,
the system’s phase noise (0.05°) and relative amplitude noise (7%) yield a combining efficiency of >99% of the
waveguide combiner; in agreement with the data presented in Fig. 6.

From these measurements we show brightness multiplication of the combined sources as B, = B,,;,/As = 2B,
where B, is the input brightness of both sources, B, is the output brightness, and A and , are the cross-section
area and the solid angle of the waveguide mode, respectively. The brightness enhancement arises because the
input and output modes share the same A , product, a fundamental characteristic of coherent addition. This prin-
ciple underpins scalable routes to high-power, high-brightness microwave radiation.

We propose and experimentally demonstrate a 2:1 combining scheme. For large-scale integration involving
multiple sources, we advocate the use of cascaded 2:1 combiner rather than a single N:1 combiner. This approach
offers improved robustness, as 2:1 combiner is less susceptible to single-source failures. In an N:1 configuration,
the failure of one source may lead to complete output suppression and undesired reflections affecting the remain-
ing sources. In contrast, our 2:1 combiner is designed and experimentally verified to deliver an output power
of P/2 when only one input port is excited while the other remains unpowered as depicted in Fig. 6(e), thereby
ensuring stable and predictable operation under partial failure conditions.

Together, these results demonstrate robust coherent addition of microwave sources enabled by the Berry-
phase—based phase shifter, which provides precise phase control, broad bandwidth, and low insertion loss, large-
scale integrable, while remaining compatible with high-power operation.

Discussion

We have experimentally demonstrated coherent combining of HPM radiation using a high-efficiency phase shifter
that exploits a geometric (Berry) phase. By precisely manipulating the polarization state within a circular wave-
guide, the device enables controlled mode conversion and continuous phase tuning while sustaining operation
in the HPM regime up to 2.3 MW without electrical breakdown. This performance highlights the robustness of
geometric-phase control as an alternative to conventional electrically driven or mechanically tuned phase-shifting
approaches in extreme-power environments.

Beyond the device demonstration, we introduced a generalized Bloch-sphere representation for waveguide
polarization modes. This framework provides an intuitive yet rigorous description of mode evolution and phase
accumulation in guided electromagnetic systems, revealing the geometric origin of the acquired phase. Such a
representation unifies polarization, mode conversion, and phase control within a single analytical picture, offering
new insight into electromagnetic interactions in waveguides.

The coherent addition strategy presented here, grounded in Berry-phase engineering, establishes a scalable
route toward phase-stable HPM systems. Because the approach relies on passive dielectric structures rather than
active electronic components, it is inherently compatible with high-power operation and reduced breakdown risk.
More broadly, our results open a pathway toward HPM architectures based on dielectric metamaterials, where
geometric-phase control may enable compact, efficient, and resilient platforms for high-power radiation genera-
tion and coherent combining.

Methods

Numerical simulations and metamaterial design

The design of the dielectric Berry-phase metasurface (BPM) waveplates was initiated using Effective Medium
Theory (EMT). The initial geometrical parameters were analytically approximated by accounting for the guided
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wavelength (1,) specific to the circular waveguide boundaries. Following this analytical estimation, full-wave
finite-element frequency-domain (FEFD) simulations were employed to optimize the structure. The optimization
target function prioritized equal transmission magnitudes along the fast and slow optical axes while achieving
the exact desired phase retardation (90° for the QWP and 180° for the HWP) over a minimal propagation length.
High-power breakdown endurance was computationally verified by simulating the spatial electric field distribu-
tion, ensuring peak electric fields remained well below the dielectric breakdown threshold of the pressurized gas
environment.

Device fabrication and waveguide assembly

The circular waveguide components, featuring an inner diameter of 90 mm, were fabricated using high-precision
computer numerical control (CNC) machining. The phase-shifting dielectric metamaterials were manufactured
from alumina ceramic, characterized by a relative permittivity of ¢, = 9.9 and a loss tangent of tans = 0.001, with
strict fabrication tolerances of +0.1 mm to maintain modal purity. Rectangular-to-circular tapered waveguide
transitions were utilized to couple the standard WR284 rectangular waveguide fundamental mode into the 90 mm
circular waveguide TE:1: mode. The coherent combining network incorporated a custom-designed 1:2 waveguide
splitter/combiner and a commercial WR284 high-power circulator.

Low-power characterization

Initial phase retardation, mode conversion efficiency, and insertion loss were characterized in the low-power
regime using a Vector Network Analyzer (VNA). Measurements were conducted utilizing a 10 mW continuous-
wave (CW) source. This setup allowed for broadband frequency sweeping, identifying 2.88 GHz as the optimal
operating frequency for the QWP retardation while providing a high-resolution phase measurement accuracy of
0.1°.

High-Power and coherent combining measurements

High-power durability tests were conducted using an RF source operating at a fixed frequency of 2.856 GHz.
The system was driven with 5 ps pulses at a low repetition rate (20 to 50 Hz) to manage thermal loads and aver-
age energy consumption. To prevent dielectric RF breakdown—particularly at the sharp metamaterial-air inter-
faces—the waveguide system was sealed and pressurized with 10 psi (0.7 atm gauge) of sulfur hexafluoride (SFs)
gas. Electric-field amplitudes were sampled using directional couplers situated at the input and output ports of the
combiner, and the signals were recorded via a high-speed oscilloscope.

Coherent combining and phase-locking stability tests were conducted using standard RF sources. Prior to the
coherent addition measurements, the phase-shifted channels were carefully calibrated before the power divider;
amplitude equalization was confirmed by tuning the phase shifter to achieve deep destructive interference at the
output port, effectively nulling the residual signal and isolating the phase noise of the independent amplifiers.
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