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Abstract— Freeze-drying has been widely adopted in the man-
ufacturing of biologics for producing vaccines and protein-based
therapeutics that are highly unstable in liquid form. Radio-
frequency-assisted lyophilization (RFAL) can significantly accel-
erate drying by applying highly controllable volumetric heating.
In this article, we design, for the first time, a quasi-random
field (qRF) system. The system demonstrates: 1) primary drying
acceleration and 2) very high uniformity with two different
types of antennas at 8 GHz. Specifically, a double-ridged horn
antenna and a wideband conical antenna are designed and placed
inside a metallic enclosure [reverberation chamber (RC)] to excite
electromagnetic waves inside a standard R&D freeze-dryer. The
most suitable antenna type and location are determined using
full-wave simulations. Compared with the standard 2.45 GHz
frequency of operation, the electromagnetic field uniformity is
improved by 2.47 times at 8 GHz. Furthermore, we show a
primary drying acceleration of 81% with the wideband conical
antenna and 119% with the double-ridged horn antenna using
only 25 W of RF power. Residual moisture content measurements
validate the proposed design for both implementations.

Index Terms— Antenna, electromagnetic field uniformity,
lyophilization, radio frequency (RF) heating, RF-assisted
freeze-drying.

I. INTRODUCTION

B IOPHARMACEUTICAL lyophilization, or freeze-
drying, has become an indispensable process since World

War II due to the high demand for blood plasma, vaccine, and
drug products’ stabilization [1], [2], [3]. While such a demand
has consistently been increasing over the past 30 years due
to the rapid development of biopharmaceuticals (especially
in sensors’ technologies and automation), the COVID-19
pandemic has put lyophilized products in the daily news since
2020 [4], [5], [6], [7], [8]. Toward that end, such a process
has been extensively used to overcome the instability barrier
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of vaccines and protein-based therapeutics that are highly
unstable in liquid form. As of 2018, formulations of about 30%
of the approved parenteral protein by the European medicines
agency were lyophilized products [9], [10]. Nonetheless,
despite its advantages, lyophilization is among the most
industrial energy and capital-intensive processes, prohibiting
the attainment of an optimized, flexible manufacturing
process [11], [12]. Conventional lyophilization involves
placing frozen or aqueous products on temperature-controlled
shelves inside a vacuum-controlled freeze-dryer. The
product undergoes four primary stages, i.e., pretreatment,
freezing, primary drying (sublimation drying), and secondary
drying [13], [14]. Primary drying is typically described
as the longest and most time-consuming stage. Therefore,
microwave/radio frequency (RF) freeze-drying has been used
as an alternative to the conventional counterpart to accelerate
the process and reduce energy consumption [4], [15].

Unlike conventional freeze-drying, which involves conduc-
tion and convection heating mechanisms through indirect
heat transfer with a cold fluid (refrigerant fluid), RF-assisted
lyophilization (RFAL) uses high-frequency electromagnetic
waves to target the frozen water at a molecular level. Hence,
the removal of ice content is faster (volumetric heating). The
use of RFAL allows many of the shortcomings associated
with conventional freeze-drying to be avoided by simulta-
neously reducing the primary drying time while facilitating
the integration of closed-loop control and improving the field
uniformity [4], [9], [16], [17].

Numerous studies on RFAL have been introduced over
the past few decades. Copson initially introduced RF heating
in the food industry [18]. Nonetheless, limited studies have
integrated microwaves and RF systems with the lyophilization
of biopharmaceutical products. Dolan [19] demonstrated the
feasibility of lyophilization of aqueous materials with the help
of RF heating. Wang and Chen [20] conducted experimental
and theoretical investigations on the impact of using dielectric
material (Sintered SiC) in RFAL. The primary drying time was
reduced by more than 20% when RFAL was used. A method-
ological use of experimental planning for the optimization
of the drying of enzymes was carried out in [21] with the
aim of developing a better understanding of RF integration
with lyophilization. The impact of chamber pressure and input
power on the enzymatic and water activity of the product was
investigated. The study showed that high power and vacuum
pressure reduced the primary drying time.
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Further development on RFAL was carried out by
Gitter et al. [9], [22]. Most existing studies until 2019 relied
on using magnetrons as the source of RF power. However,
the use of such sources led to inferior batch homogeneity
when compared with conventional freeze-drying (measured
through residual moisture distribution). Toward that end,
a solid-state RF generator has been used to address the
homogeneity issue in [9]. The obtained results showed a batch
homogeneity comparable to that of conventional freeze-drying.
Bhambhani et al. [12] applied RFAL (using up to 1200-W
RF power) to vaccine samples and showed a significant time
reduction on the primary drying while maintaining products’
activity and stability. Our study demonstrates that a higher RF
frequency (8 GHz) provides much-improved batch homogene-
ity. Using a double-ridged horn antenna, we accelerate primary
drying by 119% with only 25 W of RF power. A wideband
conical antenna results in an acceleration of 81%.

Abdelraheem et al. [4], [23] proposed the first systematic
approach for designing a metallic chamber used in RFAL
based on the statistical electromagnetic (SEM) theory. In this
work, we use full-wave finite element (FE) modeling to further
improve the design of such chambers. We demonstrate that
the electromagnetic field uniformity is highly dependent on
the radiator type, whereas the average electric field intensity
depends on the location and type of radiator. Using a unidi-
rectional antenna (horn antenna) allows the electromagnetic
waves to be scattered by the mechanical stirrers before reach-
ing the products. Thus, the electromagnetic field uniformity
and batch homogeneity are improved. On the other hand,
an omnidirectional antenna (a conical antenna) exposes some
products to high RF power density compared with others
before being scattered by the stirrers. The average electric
field intensity increased by 1.29 times by changing the horn
antenna location, whereas the field homogeneity increased by
1.25 times using the horn antenna when compared with the
conical antenna (for an empty cavity). Experimental validation
is carried out by monitoring two products’ temperatures and
evaluating the residual moisture content of selected freeze-
dried products. The higher average electric field intensity
and improved uniformity of the horn antenna resulted in
a significantly improved freeze-drying cycle time and batch
homogeneity.

II. FE-BASED SEMS, RF CHAMBER, AND USED
ANTENNA

The classical SEM theory addresses electromagnetic inter-
ference in electrically large, complex, and irregular enclosures,
generating multiple coexisting modes inside the cavity. SEM
is widely used to overcome the time-consuming or impracti-
cal process of obtaining explicit analytical solutions for the
electromagnetic field distribution inside the cavity [24]. Since
RFAL involves electrically large cavities, SEM theory can be
applied to design and optimize such RF chambers. The SEM
theory and its application to RFAL are thoroughly discussed
in [4]. FE-based analysis can be used to further simplify the
SEM analysis for the design of lyophilization chambers.

The RF chamber, also known as the reverberation cham-
ber (RC), comprises the first component implemented and

Fig. 1. Chamber and antenna design. (a) Designed RC: the antenna is
hanging from the ceiling of the chamber. Two mechanical stirrers are placed
on one side of the RC due to the constrained space inside the freeze-dryer.
Perforations are designed to keep most of the RF energy stored inside the
chamber, as depicted by (b). Simulated shielding effectiveness of 26.7 dB has
been assessed at 8 GHz.

designed. Larger RCs are desirable to maximize the product
volume while minimizing manufacturing costs. For a given RF
frequency, a larger RC also increases the number of coexistent
modes inside the chamber, improving the electromagnetic field
uniformity [25], [26]. In this study, however, we are restricted
to a laboratory-scale lyophilizer for conducting RFAL exper-
iments. This limits the maximum possible size of the RC to
150 × 250 × 400 mm.

Since the primary drying and secondary drying stages of
the freeze-drying involve release of water vapor, which is a
direct result of sublimation, we cannot use a fully encap-
sulated metallic enclosure as our RC. Hence, perforations
with 1.5 mm radii are added across one side of the chamber,
as shown in Fig. 1(a). The simulation results show that such
perforations produce a shielding effectiveness of 26.7 dB
at 8 GHz. The differential quality factor approach discussed
in [4] validated that the chosen perforations provide high
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Fig. 2. Measured reflection coefficients (S11) of (a) double-ridged horn
antenna and (b) conical antenna. Both the antennas exhibit a large bandwidth
covering the full intended range (8–18 GHz). The largest dimensions of the
horn and conical antennas are 51 and 50 mm, respectively.

shielding effectiveness. Sixty-four perforations with a height
of 1 mm are modeled, as depicted in Fig. 1(b). A perfect
electric conductor (PEC) boundary condition models all the
metallic parts to reduce the computational time. A periodic
boundary condition models an infinite sheet with perforations.
A perfectly matched layer (PML), with the PML wavelength
set to account for the angular dependence of the normal
component of the wave vector, is applied to model an open
space above and below the perforations [27].

We have designed the two RF antennas (a double-ridged
horn antenna and a wideband conical antenna) using a
commercial full-wave simulator (COMSOL) to optimize the
bandwidth and gain of the antennas. The obtained results are
experimentally validated, as depicted in Fig. 2. The two anten-
nas are selected because they exhibit a wideband operation
(8–18 GHz), handle high RF power, and require a small size
inside the RF chamber. Although the experiments carried out
in this article are limited to 8 GHz, the wideband property of
the antennas is desired for future integration with closed-loop
control systems. On the other hand, two mechanical stirrers
change the electromagnetic field distribution inside the cham-
ber. The stirrers are identical and are placed at one end of
the chamber, as shown in Fig. 1(a). The freeze-dryer used to
conduct the experiments imposes the location of the designed
stirrers (due to space restriction). The largest dimension of the
stirrers is 11.5 cm, whereas the smallest is 8 cm to meet the

Fig. 3. (a) Simulated logarithmic scale of the electric field intensity inside the
RC for different stirring angles (8 GHz). Different electric field distributions
are achieved, verifying the effectiveness of the designed stirrers. The input
power to the antenna is set to 75 W. (b) Electromagnetic field nonuniformity
plot. Based on the observed results, the statistical field nonuniformity becomes
independent of frequency above 8 GHz.

IEC 61000-4-21 standards, given by [28]

Lstir ≥
λLUF

4
(1)

Lstir ≥
3 min(a, b, c)

4
(2)

where Lstir represents the largest dimension of the stirrers,
λLUF is the wavelength of the lowest usable frequency, and a,
b, and c are the dimensions of the RC.

After implementing the chamber, the antenna, and the
stirrers, we obtain the SEM field intensity and uniformity using
FE modeling [4], [29]. Initially, we acquire the magnitude
of the three electric field components at 1386 sensing points
distributed uniformly inside the RC as the mechanical stirrers
are rotated. Then, the average electric field magnitude at every
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Fig. 4. SEM field uniformity. (a) Twelve positions at which the antenna has been placed to obtain the SEM metrics. (b) Normalized histogram that shows the
probability density distribution for the conical (monocone) antenna and the double-ridged horn antenna (at position 8). (c) Spatial distribution of the electric
field inside the RC using the double-ridged horn antenna. (d) Spatial distribution of the electric field inside the RC using the conical antenna. The average
intensity of the field inside the chamber due to the double-ridged horn antenna is higher than that of the conical antenna due to the lower reflections absorbed
by the horn antenna.

TABLE I
SIMULATED STATISTICAL ELECTRIC FIELD UNIFORMITY INSIDE THE RC

sensing point is evaluated using

⟨Ex ⟩ =

∑90
k=1 Ex,k

90
(3a)

⟨Ey⟩ =

∑90
k=1 Ey,k

90
(3b)

⟨Ez⟩ =

∑90
k=1 Ez,k

90
(3c)

where k represents the number of stirring angles to complete a
full revolution (steps of 4◦). The stirrers alter the distribution
of the electric field inside the RC at each stirring angle,
as depicted by Fig. 3(a). Next, the average electric field
components over the entire RC volume (using the 1386 sensing
points) are evaluated as follows:

⟨Ex⟩ =

∑1386
m=1⟨Ex ⟩m

1386
(4a)

⟨Ey⟩ =

∑1386
m=1⟨Ex ⟩m

1386
(4b)

⟨Ez⟩ =

∑1386
m=1⟨Ex ⟩m

1386
. (4c)

The total average electric field is then obtained using

⟨E⟩ =
⟨Ex⟩ + ⟨Ey⟩ + ⟨Ez⟩

3
(5)

and the standard deviation (dB) is evaluated by

σdB = 20 log10
σLinear + ⟨E⟩

⟨E⟩
(6)

where σLinear is the standard deviation of the total average
electric field

σ 2
Linear =

∑1386
n=1

∑
p=x,y,z(⟨E p⟩n − ⟨E⟩)2

4158 − 1
. (7)
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Fig. 5. RFAL system configuration and experimental setup.

Fig. 6. Karl Fischer moisture analyzer used to obtain the residual moisture
content.

The electric field uniformity is initially obtained to deter-
mine the minimum frequency that guarantees a standard
deviation ≤3 dB (as per the IEC 61000-4-21 standard). This
condition is met at frequencies above 7 GHz, as demonstrated
experimentally in Fig. 3(b) [23]. A detailed description of the
experimental measurements for the electromagnetic field is
given in our previous work [23]. In Section IV, we show that
higher frequencies improve the drying time of the lyophilized
products. Therefore, all the simulation models are tested
at 8 GHz to ensure that the standard deviation is below 3 dB
while requiring a relatively low computational time compared
with higher frequencies.

Next, the best position for the antenna is selected based on
the obtained SEM parameters, i.e., average electric field inten-
sity and uniformity. In [30], we have shown that a wide range
of angular positions (using the double-ridged horn antenna)
provides a high uniformity. Nonetheless, the angular position

of 60◦ provides the highest average intensity since it reduces
the reflected waves received by the antenna. We demonstrate in
this work, using 12 simulation models, that the SEM metrics
are highly dependent on the antenna position inside the RF
chamber. Table I summarizes the simulated average electric
field intensity and uniformity obtained by varying the location
of the antenna (Fig. 4(a) shows the different antenna locations).
In the unloaded condition, we observe that the two statistical
metrics are improved when the double-ridged horn antenna is
used (when compared with the conical antenna).

When the horn antenna is considered, the electromagnetic
field intensity is the only factor dependent on its position (σdB
variations are negligible, as depicted in Table I). Placing the
antenna near the mechanical stirrers (positions 10, 11, and 12)
or close to the metallic side of the chamber (positions 3, 6, and
9) increases the reflected RF signal to the radiator, reducing the
average electric field intensity. On the other hand, placing the
antenna at positions 1, 2, 4, and 7 increases the power density
received by some products relative to others, thus reducing
the loaded cavity uniformity. Hence, positions 5 and 8 are the
most suitable for the double-ridged horn antenna to improve
the average electromagnetic field intensity while maintaining
a high uniformity.

Fig. 4(b) shows the probability density (histogram) of the
normalized electric field for two selected scenarios (position
8 using the double-ridged horn antenna and the conical
antenna). The x-axis represents the normalized electric field
intensity relative to the mean, i.e., the zero point on the
x-axis of the histogram represents the average electric field.
We observe that the variability of the electric field using the
conical antenna is higher than that with the horn antenna.
Based on the obtained results, we select position 8 to run
the RFAL experiments since it simultaneously provides high
electromagnetic field uniformity and intensity. The spatial
distribution of the electric field norm is shown in Fig. 4(c)
(double-ridged horn antenna) and Fig. 4(d) (conical antenna).
The electric field variability is lower using the horn antenna,
whereas its average electric field is higher than that of the
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TABLE II
FREEZE-DRYING PROCESS PARAMETERS FOR 4% w/v MANNITOL + 2% w/v SUCROSE IN 6R VIALS, WITH A FILL

VOLUME OF 3 mL AND A DELIVERED RF POWER OF 25 W (8 GHZ)

conical antenna. Such behavior is attributed to the reduced
RF waves absorbed by the horn antenna due to its high
directivity. The spatial distributions cover the space inside
the RC where the products are placed [highlighted in blue
in Fig. 4(a)]. The box used to obtain the spatial electric field
distribution is at least λ/2 away from all the metallic walls to
avoid field nonuniformity [24], [31].

Unlike most previous studies on RF lyophilization pro-
cesses, which rely on the ISM band (2.45 GHz), we used
8 GHz in this work. The primary drying time and elec-
tromagnetic field uniformity are improved at that particular
frequency. The field uniformity increases inside the chamber
by increasing the number of excited modes. For an arbitrary
cavity with a particular volume, the smoothed number of
modes according to Weyl’s law is [32]

NW ( f ) =
8 π V f 3

3 c3 (8)

where V represents the volume of the cavity, f is the fre-
quency of operation, and c is speed of light. The rectangular
cavity, on the other hand, reduces the degenerated modes to
further improve the electric field uniformity.

The total absorbed RF power density by ice during the
freeze-drying is obtained using

PAbsorbed( f ) = 2 π f ϵ0 ϵ′′
|E|

2 (9)

where ϵ0 is the free-space permittivity, and ϵ′′ represents the
loss factor of ice, which is more than twice as high at 8 GHz
compared with 2.45 GHz [33]. Hence, as the frequency of
operation increases, the primary drying time of lyophilization
becomes shorter.

III. FREEZE-DRYING EXPERIMENTAL SETUP

All the lyophilization cycles are conducted in a
laboratory-scale lyophilizer (LyoStar3 from SP Scientific)
in the LyoHub facility at the Birck Nanotechnology Center,
Purdue University. Fig. 5 shows the experimental setup
used. A conventional run that does not involve RF heating
is initially conducted (reference cycle). Then, we carry out
two additional cycles using the developed quasi-random
field (qRF) system (i.e., using the conical antenna and the
double-ridged horn antenna). The output RF signal of the
power amplifier is set to 45 W to ensure that around 25 W
reaches the antenna’s port (2.5 dB insertion loss). To study
the impact of field uniformity of the lyophilized products,
a Metrohm 874 Karl Fischer Oven with 851 Coulometer

Fig. 7. Top view of the RF box with vials placement. Blue vials represent
the vials used to obtain the moisture content of the three cycles.

moisture analyzer (Fig. 6) is used to determine the residual
moisture content.

Table II summarizes the recipe used in the experiments.
For every experiment, we used 20 samples to obtain the
residual moisture content (shown in blue in Fig. 7). Optical
temperature sensors monitor the product temperature of two
samples (shown in gray in Fig. 7). In addition, we used
annealing, a process step in which products are kept at a
specific subfreezing condition above the transition temperature
of the glass for a while. Such a step reduces the heterogeneity
of the samples during the sublimation process [34], [35].
We did not perform the secondary drying to have a better
insight into the impact that qRF has on residual moisture
content of the lyophilized products.

IV. RESULTS AND DISCUSSION

The process data of the three freeze-drying cycles are shown
in Fig. 8(a)–(c). The end of the primary drying is identi-
fied when the Pirani gauge (Vacuum P) and the capacitance
manometer (CM) converge within a predetermined value. The
CM sensor indicates the absolute pressure inside the chamber,
whereas the Pirani gauge reads the pressure through the gas’s
thermal conductivity. Inside the freeze-dryer, nitrogen and
water vapor gases exist during the primary drying phase. The
water vapor, which has a higher thermal conductivity than
nitrogen by about 60%, is a direct result of the sublimation.
Nitrogen, on the contrary, is used to control the pressure
inside the chamber. Hence, the Pirani gauge reading is about
60% higher than that of the CM when the water vapor is
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Fig. 8. Process data of (a) conventional lyophilization cycle, (b) RFAL cycle
using the conical antenna, and (c) RFAL cycle using the double-ridged horn
antenna. (d) Primary drying time and residual moisture content data (average
+/− std) for the three cycles.

the dominant gas inside the chamber. The convergence of the
Pirani gauge within a specified tolerance indicates the end of
the primary drying phase [4]. The end of the primary drying
in this work has been determined using the second derivative
approach proposed in [36].

Fig. 9. Simulated far-field radiation pattern of (a) double-ridged horn antenna
and (b) wideband conical antenna.

Based on the obtained results, the electromagnetic field
uniformity using the horn antenna is improved since it is
directed toward the mechanical stirrers. Using an omnidirec-
tional antenna (e.g., conical antenna) for such an application
reduces the electromagnetic field uniformity (Fig. 9 shows the
simulated radiation pattern of both the antennas at 8 GHz).
The conical antenna exposes some of the products inside the
chamber to RF waves before being scattered by the mechan-
ical stirrers. Thus, the power density of the waves directed
toward these vials is higher than that with the horn antenna.
We observe a significant product temperature discrepancy
between the products using the conical antenna, as shown
in Fig. 8(b). Such a temperature variation is reduced when
using the horn antenna since the mechanical stirrers scatter
the field inside the chamber [Fig. 8(c)]. The residual moisture
content for the three cycles verifies that batch homogeneity is
significantly improved using the horn antenna as depicted in
Fig. 8(d). It is also observed that the primary drying time is
lowest with the horn antenna. Using a directive antenna for
such an application reduces the reflected power back to the
antenna, thus increasing the average electric field (as depicted
in the simulation models).

qRF lyophilization outperforms the conventional lyophiliza-
tion process in the primary drying acceleration and the average
residual moisture content [as depicted in Fig. 8(d)]. The
radiation heating mechanism involved with the RFAL at 8 GHz
explains the observed speedup in the primary drying phase due
to the increase in the absorbed RF power.

All the FE models in this study assumed an empty chamber
to reduce the computational time associated with the addition
of the products. Hence, variations in the electromagnetic field
metrics are expected if such FE models consider the frozen
product (i.e., loaded cavity). Nonetheless, by comparing the
simulated and measured results, it is observed that the FE
model results can be used along with the SEM theory to design
such chambers for pharmaceutical lyophilization.

V. CONCLUSION

In this work, we have demonstrated the design of an
RC using the SEM theory for pharmaceutical lyophilization,
specifically using FE models. qRF lyophilization significantly
improves efficiency by reducing the total drying time. The
results obtained for freeze-drying of 4% w/v mannitol and
2% w/v sucrose showed an acceleration in primary drying
time by 81% using the wideband conical antenna and 119%
using the double-ridged horn antenna. The conical antenna
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degrades the field uniformity due to the high power density
received by the products closer to the antenna. On the other
hand, if the horn antenna is placed closer to the metallic walls
or the mechanical stirrers, the reflected signal absorbed by
the antenna could be significant, thus reducing the average
electromagnetic field intensity. The traditional freeze-drying
relies heavily on conductive heat transfer from the shelf to the
vials which is highly inefficient in the vacuum environment.
In our experimental setup, we conduct comparative testing
to evaluate the enhancement of heat transfer from the shelf
through the application of RFAL, aiming to accelerate the
drying process. Using the same shelf temperature, we can
isolate and assess the effect of additional microwave heating.
In addition, many recent practical applications of lyophiliza-
tion such as dual-chamber syringes and beads do not use
vials. In such applications, conventional freeze-drying faces
additional limitations. RF heating, which heats the products
volumetrically and uniformly, enables direct energy transfer
to the products regardless of their position or direct contact
with the shelf.
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