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Abstract

This paper presents a miniaturized, tunable, high-power, eight-port hybrid coupler, based on
a lumped element hybrid coupler topology. The 90° hybrid couplers are ubiquitous elements
used for feeding RF coils in quadrature in magnetic resonance imaging (MRI) systems. Due to
the low Larmor frequency (64MHz) of 1.5 T MRI, distributed elements are too large for
practical circuits to drive multi-port RF coils. Thus, miniaturization with MRI-compatible,
non-magnetic, and high-power components is necessary. First, a miniaturized hybrid coupler
is proposed for MRI systems with non-magnetic variable capacitors. Afterwards, the miniatur-
ization methodology is applied to develop an eight-port coupler, capable of supporting both a
transmit and a receive quadrature RF coil system. The high-power (up to 1 kilowatt) extended
coupler measures 10 cm × 6 cm. Test results show that each port has a return loss of more than
16 dB, each input-isolated port is isolated by more than 24 dB, and each output has an
insertion loss of less than 2.5 dB and output phases of 0.0°, 90.8°, 182.1°, and 278.7°.

Introduction

The operating frequency of magnetic resonance imaging (MRI) scanners, known as the
Larmor frequency, is dependent on the magnetic field strength. MRI operates by applying a
large (> 0.5 T) static magnetic field (B0) to a patient, resulting in the nuclear precession of
hydrogen in the body. If another local RF magnetic field (B1) is excited, through an RF
pulse, orthogonally to the B0 field, at the Larmor frequency, the equilibrium of precession
is temporarily disturbed. Once the pulse stops, the nuclei re-establish equilibrium and emit
an RF signal at the Larmor frequency. This signal, denoted as the “MR signal” is received
via RF coils for image reconstruction by the MRI console. Various types of RF coils have
been developed over MRI’s lifetime. Until the 1990s, linear surface coils dominated the indus-
try until it was shown that circularly polarized “quadrature” coils increase the signal to noise
ratio (SNR) and waste less RF power [1].

A linearly polarized magnetic field can be deconstructed into two circularly polarized,
counterrotating magnetic fields; for MRI, one component is chosen to rotate with the nuclear
precession, while the other rotates opposite of nuclear precession. For a single linear RF coil,
the component rotating opposite to nuclear precession is not received as a signal, rather, it is
dissipated as heat. To combat this signal loss, quadrature coil systems were developed.
Quadrature coils systems operate by placing two linear coils orthogonally to one another
and feeding them with a 90° phase difference [2]. This is readily achieved with simple RF
loop coils and a hybrid coupler. A further SNR improvement of
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can be obtained with

the quadrature coils [3].
With 1.5 T MRI machines, the Larmor frequency of hydrogen nuclei is 64 MHz, even when

designing circuits on the common FR4 substrate (εr = 4.5), the wavelength is ∼221 cm. Thus,
for practical use, classically distributed RF circuits, such as hybrid couplers, must be miniatur-
ized. Since the level of RF transmit power is a few hundreds of watts to a kilowatt to excite
protons inside the human body, a hybrid coupler with high power capability is also necessary.

Systems with multiple quadrature coil pairs require multiple hybrid couplers, demanding
more circuits and more cables to be interfaced with the MRI system. Multiple bulky couplers
and their cables are not readily integrated into coil frames. This also makes coil impedance
matching more difficult, since the cables and circuits, themselves, can become a sensitive com-
ponent of the radiative element, thus degrading coil performance.

This paper seeks to introduce a straightforward methodology for developing a miniaturized
extended coupler with eight RF ports dedicated to MRI applications. This extended coupler is
to be integrated with systems containing both quadrature-transmit and quadrature-receive
coils. First, 90° and 180° hybrid couplers are miniaturized with lumped elements. Then,
these topologies are brought together to form the extended coupler.

Each MRI machine’s Larmor frequency is different (by up to a few 100’s of kHz) and varies
slightly day-to-day. The loading effect, due to the subject lying in the near field of the RF coils,
also changes the coil systems’ impedance matching conditions [4]. Thus, narrowband
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tunability, via high-power and variable non-magnetic capacitors,
is attractive to optimize the coupler’s performance for each
unique imaging study.

Hybrid coupler design method

The 90° hybrid couplers are four-port RF circuits with one input
port, one isolation port, and two equal power split (−3 dB) output
ports with a 90° phase difference. They are easily designed with
four quarter wavelength (λ/4) transmission lines, two with char-
acteristic impedance Zo Ω and two with characteristic impedance
Zo�
2

√ V, as shown in Fig. 1 [5]. At 64MHz, a manufacturing process
using FR4 requires transmission lines with a length of more than
55 cm, rendering them impractical to manufacture. Reducing
these transmission lines to lumped element equivalents is para-
mount. Reducing a transmission line of any length and imped-
ance to lumped components is readily performed with the use
of ABCD matrices. For this design, λ/4 transmission lines with
characteristic impedances of 50Ω (Zo) and 50�

2
√ Ω ( Zo�

2
√ ) are reduced

to a series inductor placed in-between two shunt capacitors. The
ABCD matrix setup is as follows:

cos(bl) jZsin(bl)

jYsin(bl) cos(bl)
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1 0
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,
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where l is the length of the transmission line, β is equal to 2π/λ,
λ is the wavelength at 64MHz using FR4, Z is the transmission
line impedance, Y is the transmission line admittance, YC is the
capacitor admittance, and ZL is the inductor impedance. Solving
for C and L in terms of their admittance and impedance, respect-
ively, results in:

CZo = 49.735 pF, CZo�
2

√ = 70.337 pF,

LZo = L1 = 124.339 nH , and LZo�
2

√ = L2 = 87.922 nH.

For building and tuning convenience, the capacitors within
2 cm of each other were approximated as being in parallel. This
results in four capacitors with values C1 = 120.072 pF.

The 180° hybrid coupler design follows the same methodology
but with three λ/4 transmission lines and one 3λ/4 transmission
line, all with a characteristic impedance
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Zo V. The longer

transmission line is unable to be replaced with a series inductor
and shunt capacitors, rather, it requires a series capacitor with
two shunt inductors, as seen in Fig. 2.

The extended coupler

The extended coupler is an eight-port RF circuit based on
the aforementioned hybrid coupler topologies. By merging one
90° hybrid coupler with two 180° hybrid couplers, a device with
one input port, one isolation port, two MRI console receive
ports, and four output ports with an equal power split (−6 dB)
and with 0°, 90°, 180°, and 270° of phase is acquired.

The extended coupler schematic can be seen in Fig. 2, where
the dashed blue line contains the single 90° hybrid coupler and
the two solid red lines contain the two 180° hybrid couplers.
There exists one shared capacitor between the 90° hybrid coupler
and each 180° hybrid coupler, noted as C4 = 155.241 pF. A sum-
mary of the component values used in the fabricated extended
coupler design can be found in Table 1. C2 and C∗

2 , as well as
C3 and C∗

3 , were calculated to be the same value, but tuned differ-
ently for the physical circuit.

Many MRI systems contain a single volume transmit coil to
increase B1 field uniformity and multiple surface receive coils to
increase MR signal reception [6, 7]. Such systems can support
multiple receive ports but only a single transmit port, unless the
transmit signal is divided amongst multiple coils.

The extended coupler accommodates such systems by supply-
ing the transmit signal from console to input, hence it is split
between Tx1 and Tx2, which connect to the transmit volume
coil with a 90° phase difference. The surface receive coils directly
connect to Rx1 and Rx2, which are coupled to Rx1 output and Rx2
output, also with a 90° phase difference. These receive output
ports connect to the MRI console for image reconstruction.
Finally, isolation is terminated.

Isolating the transmit signal input and the receive channel out-
put from each other is a defining characteristic of standard MRI
couplers. Due to the isolation properties of the embedded hybrid
couplers, the extended coupler input is isolated from “isolation”,
“Rx1 output”, and “Rx2 output”, highlighting how the extended
coupler is an extension of the already well-understood hybrid
coupler for MRI systems.

Coupler fabrication

For the physical circuit, FR4 (εr = 4.5) coplanar waveguides with
1.36 mm trace width, 1 mm thickness, and 0.4 mm separation
gap from trace to ground were manufactured to connect lumped
elements. The extended coupler measures only 6 cm × 10 cm since
it assumes variable capacitors can be soldered on top of the static
capacitors, thus saving circuit area. The MRI console supplies
high-power pulse sequences and the bore is highly magnetic,

Fig. 1. A 90° hybrid coupler ABCD transformation.
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therefore high-power and non-magnetic components must be
used. The variable capacitors (Knowles Voltronics) have a tunable
range from 1 to 16 pF with the voltage rating of 750 V, the fixed
capacitors (Knowles Syfer) can handle a 3.6 kV continuous wave
signal, the inductors (Coilcraft) can support up to 5 A of current,
and the trace widths can conduct 5 A of current with an assumed
temperature increase to 60°C. All connectors also are
non-magnetic, as tested in the bore of a 1.5 T MRI machine.

The physical circuit can be seen in Fig. 3. The ports are
numbered as follows: 1 – input, 2 – Rx1 output, 3 – Tx1(0°),
4 – Rx1(180°), 5 – Rx2(270°), 6 – Tx2(90°), 7 – Rx2 output, and
8 – isolation.

Results

The extended coupler was simulated with Keysight’s ADS. The
real value of the inductors physically used was substituted into
the ADS circuit before tuning the capacitors to optimize the

circuit. All measurements were collected using a four-port vector
network analyzer (Keysight 9370A) as shown in Fig. 4.

Simulation and measured data can be found in Fig. 5,
where the horizontal axis of each plot is frequency, from 50 to
80MHz and the vertical axes are return loss (dB), coupling
(dB), and phase (degrees), respectively. All dashed line plots
represent simulation data, whereas solid line plots represent test
bench data.

The plot in Fig. 5(a) shows the measured return loss of each
port to be at least 16 dB. Seen in Fig. 5(b) plot is the coupling
between input (P1) and Tx1 (P3), Tx2 (P6), Rx1 (P4), and Rx2
(P5) in dB. All bench plots (solid lines) are below 8.5 dB (2.5 dB
above the minimum 6 dB). In Fig. 5(c) plot is the phase of the
Tx1, Tx2, Rx1, and Rx2. The output phase bench data (solid lines)
follow nearly the exact distribution as the simulation data (dashed
line) with phase measurements of 0.0°, 90.8°, 182.1°, and 278.7°
at 64MHz. The decoupling between input and isolation (P8),
between input and Rx1 output (P2), and between input and Rx2 out-
put (P7) are all greater than 24 dB. Since all of the ports are well iso-
lated, and four of the ports are orthogonal outputs, a secondary
application of this circuit can be found by exciting the input port
and terminating three ports (Rx1 output, Rx1 output, and isolation)
instead of just one. Thus, the circuit can also be used as an orthog-
onal power divider with 0.0°, 90.8°, 182.1°, and 278.7° outputs.

When designing circuits like a hybrid coupler, physical sym-
metry is a convenience for fast and reasonably accurate design.
The extended coupler’s line of symmetry is clearly seen about its
horizontal axis, where, for example, the assumption is made that
L2, top and L2, bottom are equal. Real inductors and capacitors, how-
ever, have tolerances. All components used in the extended coup-
ler are rated for a 5% tolerance. To account for the discrepancies
between the simulated and measured data, a Monte Carlo analysis
was performed. Each component was varied, in simulation, within
±5% of its nominal value. The tunable capacitors were not
included, since they exist physically to compensate for such dis-
crepancies. The results of the Monte Carlo analysis demonstrated
that S61 could be in the range of 72°–109°, S41 could be in the
range of 172°–185°, and S51 could be in the range of 250°–287°.
These large ranges of output phase highlight the importance of
the tunable capacitors for optimizing circuit performance.

Conclusion

Demonstrated in this paper was a straightforward methodology
for developing a miniaturized extended coupler circuit with high-

Fig. 2. Extended coupler schematic.

Table 1. Fabricated extended coupler component values

Component
Calculated

value
Physical
value

Extra tunable
range

C1 120.072 pF 121 pF NA

C2 35.169 pF 48 pF NA

C∗2 35.169 pF 24 pF +1 to 16 pF

C3 70.337 pF 75 pF NA

C∗3 70.337 pF 62 pF +1 to 16 pF

C4 155.241 pF 150 pF NA

L1 124.339 nH 110 nH NA

L2 87.992 nH 82 nH NA

L3 175.843 nH 180 nH NA

Fig. 3. Extended coupler physical circuit.
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power, non-magnetic lumped elements for 1.5 T MRI. The
extended coupler applies to a system which uses two quadrature
coil pairs; one for transmit and one for receive. Due to the small
size, this extended coupler can be readily integrated into a trans-
ceiver coil frame. The coupler performs well with high return loss
(>16 dB), high isolation (24 dB), minimal insertion loss (<2.5 dB)
to the coil ports, and quadrature phase shifting of 90.8°, 182.1°,
and 278.7°. Included in the design are four tunable capacitors to
introduce narrowband tunability to compensate for coil loading,
daily MRI machine Larmor frequency variation, and lumped elem-
ent tolerances. A secondary application of this circuit is as an
“orthogonal RF power divider” such that one port is excited,
three ports are terminated, and the other four ports are well isolated
and orthogonal (0.0°, 90.8°, 182.1°, and 278.7°) outputs.
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