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Tunable Branchline Coupler Using
Microfluidic Channels

Matthew Brown , Member, IEEE, and Carlos E. Saavedra , Senior Member, IEEE

Abstract— A branchline coupler is presented that uses
12 microfluidic channels (3 per branch) to tune its center
frequency. A lumped-element equivalent circuit model (ECM)
is extracted for the fluidic channels and is used to predict the
response of the coupler prior to fabrication. The circuit is realized
on a 1.524-mm-thick Rogers 4003C substrate with �r = 3.55. The
microfluidic channels are milled through the ground backplane
and are filled with ethyl acetate (C4H8O2), for which �r = 6.00.
Experiments with the coupler show that starting with empty (i.e.,
air-filled) channels and progressively filling them with the fluid,
the center frequency of the coupler can be tuned from 2.19 to
1.80 GHz, yielding a tuning range of 19.5%. A comparison
between the modeled and measured results shows that the ECM
predicted the coupler tuning range with an error below 2.8%.

Index Terms— Branchline coupler (BLC), circuit model, dielec-
tric fluid, ethyl acetate, fluidics, frequency tuning, microfluidics,
microwaves, passive circuit, power combiner, reconfigurable.

I. INTRODUCTION

FLUIDS have electrical properties that can be exploited
for circuit design. Conductive fluids, such as eutectic

gallium, can be used for on/off switching or to implement
tunable antennas by changing the length of a transmission
line [1], [2]. Meanwhile, a small droplet of dielectric fluid
located in the path of a transmission line can cause a sufficient
change in the propagation velocity of a guided wave, to have
practical engineering uses for phase shifting, tunable filters,
and antenna beamsteering [3]–[5]. A recent study on fluidic
tuning of oscillators has shown [6], dielectric fluids can have a
negligible impact on the internal electronic noise of a circuit.
In addition to its low-noise properties, fluidic tuning offers
important benefits over varactor tuning such as low-distortion,
high-power handling and does not require dc bias. It has been
demonstrated that fluidics are a good fit for flexible/wearable
electronic devices [7], [8].

In this letter, a fluidically tunable branchline coupler (BLC)
is reported. Twelve channels are milled from the backplane of
the coupler and are filled with the dielectric fluid ethyl acetate.
To simulate the frequency response of the BLC as the channels
are filled with fluid prior to fabrication, the use is made of the
microfluidic equivalent circuit model (ECM) described in [9].
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Fig. 1. (a) Schematic of the proposed microfluidically tuned BLC.
(b) Close-up view of the channel geometry.

Experimental measurements on a fabricated BLC show that
the circuit can be tuned over a bandwidth of nearly 20% and
that the ECM can predict the response of the BLC with an
error below 2.8%.

II. FLUIDICALLY TUNED BRANCHLINE COUPLER

A schematic of the proposed tunable BLC is shown
in Fig. 1(a) and a close-up of the microfluidic channels is
depicted in Fig. 1(b). The circuit was designed to have a
center frequency of 2 GHz using a 1.524-mm-thick substrate
having �r = 3.55 and tan δ = 0.0027. The fluid used for
this investigation was ethyl acetate (C4H8O2), which has
�r = 6.00, tan δ = 0.0059, and melting point of −83.6◦C [10].
Ethyl acetate was used because the difference between the
substrate and the liquid’s relative permittivity is ��r = 6.0 −
3.55 = 2.45 and the difference of the permittivities of the
substrate and air is ��r = 3.55−1 = 2.55. Since ��r for both
cases differs by less than 4%, the coupler’s upward frequency
shift when all channels are empty is approximately the same as
the downward frequency shift when all channels are filled with
the liquid relative to the coupler’s baseline center frequency.
Each arm of the BLC was loaded with three microfluidic
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Fig. 2. (a) BLC segmentation into subnetworks. (b) ECM used for BLC
schematic simulations plus the extracted circuit model values based on the
channel filling material.

channels, for a total of 12 channels. All channels have the
same height, hc, and length, L1,2, but their width was made
equal to the width of the transmission line above it (W1 = 3.51
or W2 = 5.72 mm). The lengths of the channels were chosen
such that multiple channels could fit on each arm and also
large enough so they could be filled with liquid. The height of
the channels is slightly less than the height of the substrate,
h, so that a thin layer of substrate remains to support the
transmission line above.

The BLC was segmented into subnetworks as depicted
in Fig. 2(a) in order to analyze its frequency tuning response in
a time-efficient manner using a schematic simulator [Keysight
Advanced Design System (ADS)] for different fluidic loading
arrangements. The four identical corner sections of the cou-
pler were first simulated using a full-wave field solver as a
three-port network and their S-parameters were imported into
the ADS schematic environment. The same approach was used
for the short straight sections of transmission line along the
branches.

To model the microfluidic channels, the ECM [9] depicted
in Fig. 2(b) was used. The ECM component values were
extracted from S-parameter data for the microfluidic channels,
calculated with ANSYS HFSS from 1 to 3 GHz using a
frequency step size of 0.05 GHz. Applying the procedure
described in [9], two circuit models were extracted for each

TABLE I

SIMULATED BLC CENTER FREQUENCY ( f0)

Fig. 3. Top and bottom views of the fabricated BLC. Bottom view shows
the 12 fluidic channels milled out of the substrate.

microfluidic channel: one for the fluid-loaded channel and
another model for an empty, air-filled, channel. The extracted
values for the ECMs can be seen in the table in Fig. 2.

A series of schematic-level simulations in ADS was run
using the network in Fig. 2(a) to calculate the BLC center fre-
quency as different channels are filled with fluid. To maintain
the even- and odd-mode symmetry of the coupler, the fluidic
channels in the arms of the coupler were sequentially loaded
such that the structure’s overall symmetry was preserved.
A summary of the simulation results is presented in Table I.
When all channels are empty (Case 0), the simulations predict
a center frequency of 2.16 GHz. When only the middle
channels are filled with fluid, corresponding to segments 2,
5, 8, and 11 in Fig. 2(a), the BLC’s center frequency is
2.05 GHz. For the case that all channels are filled with fluid,
the center frequency shifts to 1.75 GHz, which is 0.41 GHz
below the center frequency of Case 0, representing a tuning
range of 19.5%.

III. EXPERIMENTAL RESULTS

The coupler circuit was patterned on a Rogers 4003C
substrate with 0.5-oz copper cladding using an LPKF Pro-
toMat circuit plotter. The channels were milled out from the
backplane also using the LPKF plotter. Fig. 3 shows the top
and bottom sides of the coupler.

The channels were filled with a syringe, injecting liquid
into the channel slots. After the respective channels are filled,
copper tape is placed over the channels to restore the ground
plane of the circuit. The coupler was measured using a
four-port Keysight M9375A PXIe vector network analyzer
from 1 to 3 GHz. Fig. 4 shows the coupler’s measured
S-parameter response with all channels empty (Case 0). For
this case, the center frequency of the coupler is 2.19 GHz. For
consistency, the center frequency of the coupler is taken as the
minimum of its S11 response.
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Fig. 4. Measured S-parameter results for the BLC with all 12 channels empty
(air)—Case 0.

Fig. 5. Measured S-parameter results for the coupler with all 12 channels
filled with ethyl acetate—Case 3.

Fig. 5 shows the coupler’s measured S-parameter response
when all of the channels are filled with ethyl acetate (Case 3).
The center frequency of the coupler in this case shifts down
to 1.80 GHz. Fig. 5 shows a mismatch in the couplers
S21 and S31 at the center frequency. The variation between
the results can be attributed to asymmetries in the couplers
arms due to depth variations in the channels and the use of
copper tape on the ground plane. Some issues arising from
copper tape include: residual air pockets trapped inside the
liquid-filled channel and resistive parasitics introduced by the
tape’s adhesive material. The coupler’s S11 for Case 3 is plot-
ted in Fig. 6 using the measured data, simulated data using the
ECM schematic, and full-wave simulation data from ANSYS
HFSS.

Table II shows the center frequency for the ECM method
and measured data along with the percent error between the
ECM simulation and physical measurements for Cases 0 and 3.
For Case 0 (all air), the percentage error in the predicted
center frequency is 1.36%, while for Case 3 (all ethyl acetate),
the percentage error in the predicted center frequency is
2.77%. Cases 1 and 2 were also measured and they show
good agreement with the simulated results but their responses
are not included due to space limitations.

IV. CONCLUSION

A fluidically tunable BLC was presented with 12 fluidic
channels. ECMs were generated for two materials: air and
ethyl acetate, to allow for complete simulations at the
schematic level. Through the inclusion of fluidic channels

Fig. 6. Reflection coefficient, S11, of BLC for the measured results, ECM
and ANSYS HFSS for Case 3.

TABLE II

ECM MEASURED DATA COMPARISON FOR BLC

filled with ethyl acetate, the center frequency of the coupler
could be varied. The tuning range was 390 MHz from 2.19 to
1.80 GHz shown through measurements. The ECM simulation
method corresponds well with the measured data, with simu-
lations showing a tuning range of the center frequency from
2.16 to 1.75 GHz. With a 1.36% and 2.77% error in tunable
center frequency for the BLC between the measured data and
ECM simulation results, respectively.

REFERENCES

[1] A. Dey, R. Guldiken, and G. Mumcu, “Microfluidically reconfig-
ured wideband frequency-tunable liquid-metal monopole antenna,”
IEEE Trans. Antennas Propag., vol. 64, no. 6, pp. 2572–2576,
Jun. 2016.

[2] G. H. Huff, H. Pan, D. J. Hartl, G. J. Frank, R. L. Bradford, and
J. W. Baur, “A physically reconfigurable structurally embedded vascular
antenna,” IEEE Trans. Antennas Propag., vol. 65, no. 5, pp. 2282–2288,
May 2017.

[3] S. Choi, W. Su, M. M. Tentzeris, and S. Lim, “A novel fluid-
reconfigurable advanced and delayed phase line using inkjet-printed
microfluidic composite right/left-handed transmission line,” IEEE
Microw. Wireless Compon. Lett., vol. 25, no. 2, pp. 142–144,
Feb. 2015.

[4] D. L. Diedhiou, R. Sauleau, and A. V. Boriskin, “Microfluidically
tunable microstrip filters,” IEEE Trans. Microw. Theory Techn., vol. 63,
no. 7, pp. 2245–2252, Jul. 2015.

[5] I. Goode and C. E. Saavedra, “A four element phased patch antenna
array using fluidic phase shifter,” in Proc. URSI GASS, Montreal, QC,
Canada, Aug. 2017, pp. 1–2.

[6] M. Abdallah and C. E. Saavedra, “Fluidically-tuned reflection oscillator
at C-Band,” in Proc. 18th Int. Symp. Antenna Technol. Appl. Electro-
magn. (ANTEM), Aug. 2018, pp. 1–3.

[7] A. Vorobyov, C. Henemann, and P. Dallemagne, “Liquid metal based
antenna for wearable electronic,” in Proc. 10th Eur. Conf. Antennas
Propag., Apr. 2016, pp. 1–3.

[8] K. Entesari and A. P. Saghati, “Fluidics in microwave com-
ponents,” IEEE Microw. Mag., vol. 17, no. 6, pp. 50–75,
Jun. 2016.

[9] M. Brown, I. Goode, and C. E. Saavedra, “Lumped-element circuit
modelling of microfluidic channels in microstrip transmission lines,” in
Proc. 16th IEEE Int. New Circuits Syst. Conf. (NEWCAS), Jun. 2018,
pp. 31–34.

[10] B. L. Hayes, Microwave Synthesis: Chemistry at the Speed of Light.
Matthews, NC, USA: CEM, 2002.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


