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Abstract: The radio frequency (RF) coil is one of the key components of the magnetic resonance imaging
(MRI) system. It has a significant impact on the performance of the nuclear magnetic resonance (NMR)
detection. Among numerous practical designs of RF coils for NMR imaging, the birdcage RF coil is
the most popular choice from low field to ultra-high field MRI systems. In the transmission mode, it
can establish a strong and homogeneous transverse magnetic field B1 for any element at its Larmor
frequency. Similarly, in the reception mode, it exhibits extremely high sensitivity for the detection
of even faint NMR signals from the volume of interest. Despite the sophisticated 3D structure of the
birdcage coil, the developments in the design, analysis, and implementation technologies during
the past decade have rendered the development of the birdcage coils quite reasonable. This article
provides a detailed review of the recent progress in the birdcage RF coil technology for the MRI system.

Keywords: birdcage coil; RF coil; volume coil; numerical method; analytical solution; electromagnetic
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1. Introduction

Nuclear magnetic resonance (NMR) imaging is considered to be the most advanced and
comprehensive analysis technique in various research fields of modern science. The NMR phenomenon
was firstly introduced in 1936 in order to measure the nuclear magnetic moments of various nuclei
and neutrons [1–4]. The method is based on the detection of the electromagnetic waves with specific
frequencies that are emitted from the pre-exited hydrogen (1H) protons in a strong and homogeneous
magnetic field. For a long period of time, the main use of NMR was limited to spectroscopic analysis in
chemistry and physics. However, NMR spectroscopy was not restricted to the 1H proton; it was extended
to element with unpaired proton, such as 13C, 14N, 17O, 19F, 23Na, and 31P [5]. In the early 1970′s, the use
of NMR for clinical medical imaging applications was proposed [6–8]. However, the methods for using
the NMR technique for medical imaging with some appropriate instrumentation, which is currently
known as the magnetic resonance imaging (MRI) system, for clinical use were demonstrated in the late
1970′s and early 1980′s [9–12]. MRI is a nonradiative and noninvasive procedure that is performed to
obtain detailed information on the internal metabolism of the biological objects, such as human and
animal, in the form of two-dimensional (2D) grayscale images. This feature has made MRI a preferable
choice for medical imaging for the last three decades, even in the presence of some excellent medical
imaging techniques, such as X-ray, ultrasonography, computed tomography (CT), positron emission
tomography (PET), etc.

Among various parts of the MRI system, radio frequency (RF) coils have gained more attention,
owing to their direct involvement in the RF signal transmission and reception [13]. RF coils establish a
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purely homogeneous alternating magnetic field (known as the B1 field) in the direction transverse
to the main static magnetic field (known as the B0 field) of the MRI system. The B1 field excites the
unpaired protons at a specific radio frequency that is known as the Larmor frequency [4,9]. This process
increases the energy level of the unpaired protons, which enables them to move to an unstable higher
energy state. Upon the removal of the B1 magnetic field, the protons release the absorbed energy at the
same Larmor frequency and return to their original stable energy state. The released energy is known
as the Field Induction Delay (FID) which will refer as the NMR signal in the manuscript. Such a signal
is received or detected by the same transmitting RF coil or a separate receiver RF coil. RF coil can be
designed for the detection of NMR signal either from the whole volume or from a certain location of
the object. The NMR signal is a faint signal that emerges at a short time interval [9]. This faint NMR
signal can be detected by a well-designed, highly sensitive RF coil with a higher signal-to-noise ratio
(SNR), and it is further converted to the meaningful images while using signal and image processing
techniques. However, an RF coil that is designed at a specific NMR frequency of a certain element
cannot be used for any other element or MRI system with different field strength.

There have been multiple designs of the RF coils for various applications [14,15]. Moreover, there
are multiple methods for categorizing these RF coils on the basis of their certain characteristic. When
considering their operating principles, the RF coils can be categorized into the transmitter RF coil, receiver
RF coil, and transceiver RF coil [10,13]. The transmitter RF coil is only used for the establishment of
a homogeneous B1 magnetic field in the imaging volume at Larmor frequency whereas the receiver
coil with high SNR is used only for the detection of the NMR signal at the same Larmor frequency.
Conversely, the transceiver RF coil is used to perform both transmission and reception operations. Based
on the structural geometry of RF coils, they can be divided into the volume coils and surface coils [16].
Generally, the volume coils are mostly designed in the cylindrical shapes and they are used to obtain the
NMR images of the whole subject. The saddle coil [17], birdcage coil [18], transverse electromagnetic
(TEM) coil [19], and phased array coil [20] are some famous and widely used volume coils. On the other
hand, the surface coils are considered to be the 2D planner version of RF coils [21,22]. They are used to
obtain the NMR images of a specific location of interest from the whole volume. In the viewpoint of
the polarization of alternating magnetic field B1, RF coils are categorized into linearly and circularly
polarized types [13]. The linearly polarized RF coils are equipped with a single port, whereas the circularly
polarized RF coils are equipped with two ports (in phase quadrature to each other) for the transmission
and/or reception of the RF signal. An RF coil with a circular polarization has

√
2 times higher SNR than

its linearly polarized version [23]. When considering the direction of the magnetic field B1, RF coils can
be classified into the axial field RF coil and the transverse field RF coil [24]. The axial field RF coils are
used in order to produce the B1 magnetic field in the direction parallel to their axis of symmetry, whereas
the transverse field RF coils are used to produce the B1 magnetic field in the direction perpendicular to
their axis of symmetry.

The RF coils used for MRI are, in fact, microwave resonators that are capable of producing a
homogeneously distributed strong near magnetic field (B1) [25]. These are composed of inductive and
capacitive elements with ideally zero resistance for producing the desired resonance frequency [15].
Conventionally, the design and analysis process of RF coils is performed while using the microwave
circuit analysis techniques that are simple to use. However, their accuracy is limited by two factors.
First is the lack of precision in the establishment of the electrical equivalent circuit model of the
radiating structure. The second, which is more important, is their incompetency to properly discretize
the region around the radiating structure for the analysis of electromagnetic (EM) fields. The other
obvious solution for the design and analysis of RF coils is the complex analytical numerical methods,
such as finite element method (FEM), finite difference time domain (FDTD) method, and method
of moments (MoM). These methods provide a more accurate design and analysis of RF coil, as
they address the above described second factor quite efficiently. However, they involve a complex
numerical computation that requires extensive mathematical knowledge. In the previous decade, the
advancement and progress in the 3D full-wave EM simulation software have completely changed
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the trends in the field of RF coil design. These software, which are based on the analytical numerical
methods, provide a single platform for the design and analysis process of the RF coils.

The implementation of RF coils is a sensitive and crucial procedure. The type and geometry of the
conductor, the self and mutual inductances, and the lumped capacitance are the factors that need to be
seriously considered. The introduction of flexible printed circuit board (FPCB) etched conductors to
the implementation process of RF coil have revolutionized the field of RF coil engineering [26]. RF
coils implemented while using such techniques are more mechanically robust, less immune to circuit
losses, and they exhibit excellent performance.

The birdcage RF resonator is the most famous and widely used RF coil for the volume NMR imaging
for clinical and preclinical applications [27]. The TEM and phased array coils are also the prominent
candidates for volume NMR imaging applications. However, they require rigorous design with respect
to the target applications, as well as the complex electronic circuitry to control the transmitted and
received RF signal, which somewhat turn into a disadvantage. On the other hand, the birdcage coil is
known for producing the strong and homogeneous magnetic field, regardless of the coil size, target
application, and field strength of the MRI system. In this paper, a comprehensive review of the progress
in the design, analysis, and implementation methods of the birdcage coil is presented. Aside from
reviewing the development of the conventional techniques, the main motive of this work is to focus
on the recent trends that have been adopted in the previous decade for the design, analysis, and
implementation of the birdcage coil for various MRI applications. This paper is divided into three parts.
The first part is about the “Birdcage Coil”, which is dedicated to the literature regarding the principle
and functionality of the conventional birdcage coil. The second part presents a comprehensive review
of the work reported in the field of “Design and Analysis of the Birdcage Coil”. The last part presents
the literature review of the “Implementation Techniques of the Birdcage Coil”.

2. Birdcage Coil

The birdcage coil (or resonator) was first proposed in 1985 by Hayes et al. [18]. The name birdcage
was coined, owing to the structural resemblance of the birdcage coil to the traditional hanging-type
cage for birds. The birdcage coil is a transverse field resonator that was proposed to resolve the issues
that were observed in the famous saddle coil [17]. The birdcage coil is considered to be the most
successful design for NMR imaging applications, owing to its stronger B1 magnetic field homogeneity
and higher SNR. It is a volume-type RF resonator with a cylindrical shape, and it can be designed in any
size for clinical and nonclinical applications at low field, high field, and ultra-high field MRI systems.
The conventional birdcage coil is composed of an even number of straight conductor segments of
similar dimensions that are known as legs (or rungs). In order to realize a cylindrical structure, these
legs are short-circuited on both sides with similar conductor rings known as end-rings.

2.1. Types of the Birdcage Coil

The birdcage coil is an LC resonator in which the inductance is provided by the conductor segments,
whereas the lumped capacitors (with nonmagnetic characteristics) are used to fulfill the needs of the
capacitance. Based on the location of these lumped capacitors in electrical circuit of the coil, three
types (or configurations) of the conventional birdcage coil can be defined, namely low pass (LP), high
pass (HP), and band pass (BP), which are presented in Figure 1. In the LP birdcage coil, the identical
lumped capacitors CL are inserted into the legs, whereas the end-rings at both sides are completely
short-circuited, as presented in Figure 1a. The birdcage coil supports multiple resonance frequency
modes. The lowest leg current-based resonance frequency mode of the LP birdcage coil is used in NMR
imaging applications. The HP birdcage coil is implemented by inserting the identical capacitors CER
into the end-ring segments between the conductive legs, as presented in Figure 1b. The highest leg
current-based resonance frequency mode of the HP birdcage coil is used for NMR imaging applications.
The BP birdcage coil is also known as the hybrid birdcage coil, as it contains the identical capacitors CL
into the legs and CER into the end-rings, as presented in Figure 1c. The BP birdcage coil can be designed
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in LP or HP mode according to the target application. In the LP mode, the lowest resonance frequency
that is based on the leg current is used for NMR imaging, whereas the highest one is used in the HP
mode. The BP birdcage coil is known to provide better control of the resonance frequency modes when
compared with the other two types. However, it renders the appropriate designing of BP birdcage little
more crucial because of tightly spaced resonance frequency modes [28].
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2.2. Resonance Modes of the Birdcage Coil

2.2.1. Resonance Frequencies

In the first article regarding the birdcage coil, Hayes et al. described that a birdcage coil with N
number of legs and two end-rings can support maximum N/2 +1 resonance frequency modes [18].
The occurrence of N/2 resonances is due to the formation of unique N/2 closed current loops involving
the legs and the end-ring segments, whereas the occurrence of the only remaining resonance is caused
by the end-rings current. At a specific frequency among the N/2 resonance frequency modes, the
magnitude of current on each leg of the birdcage coil varies in a sinusoidal (or cosine) manner. This
resonance frequency mode is known as the dominant resonance mode (or the lowest-impedance mode).
It is responsible for the homogeneous distribution of B1 magnetic field in the transverse plane of the
birdcage coil. The other leg current-based resonance frequency modes are known as the higher-order
modes (or higher-impedance modes). Generally, the higher-order resonance modes are not used for
NMR imaging, due to their non-homogeneous magnetic field profile inside the coil. However, few
birdcage coils have been reported where the researchers used these higher-order modes for parallel
imaging or dual-resonance NMR applications [29–33]. Jin et al. conducted a linear circuit analysis
(LCA) and presented a compact analytical expression, as provided in Equation (1), which is used in
order to calculate all of the N/2 +1 resonance frequency modes of the birdcage coil [34].

ωm =

√
2

CL
sin2 mπ

N + 1
CER

LL sin2 mπ
N +LER

(m = 0, 1, 2, . . . , N/2)
(1)

Here, LL and LER denote the equivalent self-inductances of the leg and end-ring segment, whereas
CL and CER denote the lumped capacitors used in the legs and end-ring segments of the birdcage coil,
respectively. In [34], a more detailed procedure, which also involves the effect off mutual inductances
of the legs and end-ring segments, can be found. Equation (1) presents a generalized expression
for the evaluation of the resonance frequency modes of BP birdcage coil. It can be modified for the
LP and HP birdcage coils by removing the terms that contain the leg capacitor CL and the end-ring
capacitor CER, respectively. In Equation (1), the resonance mode ω0 is the resonance of the end-rings of
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the birdcage coil. Initially, it was assumed that only one resonance frequency mode is possible due
to the current flowing through the end-rings of birdcage coil. However, with the help of the circuit
theory and discrete Fourier transform (DFT), Leifer et al. revealed that a birdcage coil with N number
of legs can support maximum N/2 + 2 resonance frequencies [35]. Moreover, he demonstrated that,
along with the traditional anti-rotating end-ring resonance frequency mode ωAR in the birdcage coil, a
co-rotating end-ring resonance frequency mode ωCR can also simultaneously exist. These resonances
can be determined while using the following equations:

ωAR =

√
N

CER(LER −MER)
(2)

ωCR =

√
N

CER(LER + MER)
(3)

The term MER used in Equations (2) and (3) denote the mutual inductance of the end-ring segments.
The end-ring resonance only occurs in the HP and BP configurations of the birdcage coil, not in the LP
configuration due to of the absence of the lumped capacitors in the end-rings. Because the end-ring
current produces a magnetic field parallel to axis of symmetry of the birdcage coil, it is therefore not
favorable to use the end-ring resonance mode for NMR imaging.

2.2.2. Dominant Resonance Path

The conventional birdcage coil is composed of several closed current loops, as presented in Figure 2a.
Each loop has its own specific resonance frequency that is regarded as the resonance frequency mode of
birdcage coil. In a recent work, Kim et al. employed an intuitive approach and introduced the concept
of dominant resonance path in order to determine the closed current loop in the birdcage coil, which is
responsible for establishing the dominant resonance frequency mode [36]. The dominant resonance
path, as presented in Figure 2b, is the longest closed loop (Loop N/2) in the birdcage coil that contains
two legs that are connected to each other through the N/2 consecutive segments of both end-rings. This
concept is useful for determining the lumped capacitance of the birdcage coil.
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3. Design and Analysis of the Birdcage Coil

The birdcage coil is widely known for its homogeneous magnetic field characteristics. Thus, it
is necessary to have an appropriate design and careful analysis of the birdcage coil, as B1 magnetic
field that is extremely high causes bright spots and B1 magnetic field that is extremely low causes dark
spots in the obtained NMR images [37]. For the design and analysis of the birdcage coil, analytical
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solutions are usually obtained by using various theoretical techniques. The main outcomes of this
process are the resonance frequency modes, B1 magnetic field distribution in the imaging sample
volume, specific absorption rate (SAR) of the biological object, port impedance characteristics for
external circuit interfacing, and return loss (S11) at the dominant resonance frequency. The theoretical
methods that are employed for the design and analysis of the conventional birdcage coil are either
analytical or numerical. The following section presents a brief review of the literature on the use of the
theoretical methods for birdcage coil.

3.1. Analytical Methods

The analytical methods are based on the solution of circuit equations which are defined by using
the electrical equivalent circuit model. Because of the microwave structure of the birdcage coil, it can
be modeled while using lumped elements or transmission lines. A generalized analytical solution can
be devised for both cases by using either the linear circuit analysis (LCA) or transmission line analysis
(TLA) accordingly. These analytical solutions are mostly adopted in order to predict the resonance
frequency spectrum and impedance characteristics of the birdcage coil. Some analytical solutions can
be extended to determine the currents on the coil legs that are used to compute the distribution of B1
magnetic field.

3.1.1. Linear Circuit Analysis (LCA)

Based on the LCA, Hayes et al. devised the very first analytical solution for the prediction of the
resonance frequency modes of the LP birdcage coil [18]. They used Biot–Savart law to explain the of B1
magnetic field distribution; however, they did not provide any mathematical expression for this. Tropp
et al. also employed the LCA and developed an analytical solution for the resonance frequency modes
of the LP birdcage coil [38]. He solved the Kirchhoff voltage law-based mesh equations in the frequency
domain using the Laplace transform. Moreover, he conducted an intensive theoretical investigation
in order to explain the perturbations in the birdcage coil due to inductive or capacitive coupling.
In another LCA based analytical method, Joseph et al. constructed a model for the analysis of the HP
birdcage coil [39]. They established an analytical solution for the evaluation of mutual inductances in
the birdcage coil and included it in the Kirchhoff voltage law-based mesh equation. He used the DFT
of the currents with respect to the angular position of the legs and predicted the resonance frequency
modes of the HP birdcage coil. Leifer et al. proposed a more comprehensive and generalized analytical
solution by employing the LCA [35]. This analytical solution could be used in order to predict the
resonance frequency modes for all types of the birdcage coil. He solved the Kirchhoff voltage law-based
mesh equations, which also include the mutual inductance in the frequency domain by using DFT.
His proposed analytical solution could also be used in reverse to provide the inductances of the coil
by applying the inverse DFT to the mesh equations in combination with the measured resonance
frequency modes. In another useful work, Giovannetti et al. adopted the LCA in combination with
the magnetostatic theory and developed a software for evaluating the resonance frequency modes and
plotting the B1 magnetic field distribution of the LP and HP birdcage coils [40]. Moreover, Novikov et
al. used LCA and conducted a detailed analysis of the BP birdcage coil. He also included the physical
resistance of the conductors, along with mutual inductance in the Kirchhoff voltage law-based mesh
equation [41]. Contrary to the abovementioned previous works, he conducted the time domain analysis
and adopted Green’s function theory in order to propose a more generalized analytical solution. His
analysis technique could also be used to determine the active resistance, which is a useful parameter
for the evaluation of various power losses that are related to the birdcage coil. Most of the LCA-based
analytical methods described in this section can be used to calculate the currents on the birdcage coil
legs that are further used to determine the magnetic field distribution of the birdcage coil. Benyahia et al.
provided the Biot–Savart law-based analytical equations to compute the B1 magnetic field components
of a birdcage coil [42]. They used the same technique to determine the leg currents that was described
by Boissoles et al. [43].
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3.1.2. Transmission Line Analysis (TLA)

The TLA method was first adopted by Watkins et al. for the design and analysis of the HP
birdcage coil [44]. They produced a similar analytical solution for resonance frequency modes that
was presented earlier by Hayes et al. while using the LCA. Pascone et al. proposed a more detailed
solution for the LP and HP configurations of the birdcage coil using the TLA [45]. They used the
transmission matrix (ABCD matrix) theory and proposed an analytical solution that relates the input
impedance of the birdcage coil with its lumped parameters to efficiently predict the resonance frequency
modes. Their proposed method also theoretically elucidated the interfacing of any external circuit at the
end-ring of the birdcage coil. Kim. et al. provided a more comprehensive analytical solution for the BP
configuration of the birdcage coil while using the TLA [46]. He also used the transmission matrix theory
and proposed a more generalized analytical solution that can be easily modified for the conventional
LP and HP and even more complex configurations of the birdcage coil. His proposed analysis method
also theoretically explained the interfacing of external circuits in end-rings and legs. In another work,
Abbas et al. adopted the TLA and developed an analytical solution in order to determine the B1

+ field
distribution for the TEM coils [37]. Subsequently, he modeled the birdcage coil as a transmission line
and successfully developed an analytical solution for its B1

+ field distribution using the TLA.

3.1.3. Limitations of the Analytical Methods

The analytical methods are widely used in the design and analysis of the birdcage coil. However,
the accuracy of these methods is questioned due to several limitations. Some of these limitations, such
as the mutual inductance, physical resistance of the coil conductive circuits, skin effect at microwave
frequencies, and the physical orientation of the lumped elements, are related to the physical structure
of the birdcage coil. There are some other factors, such as SNR, SAR, and B1 magnetic field distribution,
whose exact knowledge in the presence of heterogeneous biological sample cannot be accurately
predicted while using the analytical methods.

3.2. Numerical Methods

The numerical or computational methods are the best alternative to the analytical methods. The
use of numerical analysis techniques, such as FEM, FDTD, and MoM, for the analysis and design of the
radiating structures has been a common practice in electromagnetics. These numerical methods are
used for discretizing the radiating structures and computing the EM fields by using the well-known
Maxwell equations in combination with the computational EM field theory. These field quantities
are further used for determining the other parameters that are related to the analysis and design
process. Similar to other microwave structures, these numerical methods are equally beneficial for the
precise and accurate design and analysis of the birdcage coils. They are used in two different ways, as
explained in the following subsections.

3.2.1. Theoretical Modeling Techniques

The theoretical modeling techniques are based on the computational techniques that require
excellent mathematical knowledge and good computer programing skills. These techniques are
employed in the birdcage coil for the computation of the EM fields. The B1 magnetic field distribution
is the main parameter of interest in the birdcage coil, whereas the electric field is important, as it is
used to calculate the SAR. These techniques can also be used to predict the resonance frequency modes.
Jin et al. developed a hybrid theoretical modeling technique and combined it with the biconjugate
gradient algorithm of MoM with fast Fourier transform to compute the EM fields and SAR of various
linear and quadrature birdcage coils [47]. Jin et al. also employed the FEM based theoretical modeling
technique for the analysis of the birdcage coil that was loaded with a human head phantom [48]. They
calculated the B1 magnetic field and SAR distributions at 64, 128, 171, and 256 MHz for the linear
and quadrature configurations of the BP birdcage coil. Chen et al. developed a hybrid computational
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technique by combining the MoM and the FDTD method for the analysis of a shielded birdcage coil for
the 1H proton MRI at various frequencies [49]. They employed MoM in order to determine the currents
on the legs of the birdcage coil and then the FDTD method to compute the related EM fields while
using those currents. Jiao et al. proposed a fast frequency-sweep technique using the MoM. A very fast
analysis for determining the resonance frequency modes of the birdcage coil could be performed using
this technique [50]. Ibrahim et al. proposed an algorithm using the FDTD method for the theoretical
modeling of the birdcage coil [51]. They included the coupling between the resonator and sample in
order to develop more realistic analytical solutions for the currents that can precisely evaluate the
EM fields.

3.2.2. 3D Electromagnetic Simulations

However, although the theoretical modeling methods provide accurate and precise analysis of
the birdcage coil, they involve very tedious mathematical work. The introduction of the commercially
available full-wave EM simulation software has made the design and analysis process of the birdcage
coil much easier. These simulation software, which are based on the theoretical computational methods,
such as FEM, FDTD, and MoM, provide a convenient user interface, thus eliminating the use of
additional computer programming [26]. These software also provide important features, such as the
cad tool, to draw the exact 3D model of the birdcage coil, the built-in libraries with a wide range of
materials for dielectric substrates and conductors, the lumped elements defining capabilities, and many
different excitation sources with editable boundary conditions with multiple other features at a single
platform. The most important feature of these software tools is the post processing option that provides
the final desired results, such as return loss, B1 magnetic field distribution, and SAR. Almost all software
includes the phantoms of human and animal in their material libraries, which facilitates the design of
the birdcage coils with maximum precision and accuracy. Nowadays, most commercially available EM
simulation software also provide special dedicated libraries for the design and analysis of birdcage coils.
Most of the work regarding the birdcage coil reported in the past decade is based on the full-wave 3D
EM simulations, owing to the availability of such software. Table 1 presents a detailed review of the
literature regarding this work.

Table 1. Analysis and design process of the birdcage coil using commercially available full-wave
three-dimensional electromagnetic (3D EM) simulation software.

Analysis
Method Author Year Simulation

Software MRI System Research Description

FEM

Dardzinski et al. [52] 1998 Maxwell 9.4T LP birdcage with mechanically adjustable shield for inductive
frequency tuning

Solis et al. [53] 2008 FEMLAB 4T BP birdcage coil with lesser number of legs with larger width for the
knee MRI

Neufeld et al. [54] 2009 HFSS 8.4T LP birdcage with higher SNR in the presence of a dielectric material

Ahmad et al. [55] 2011 HFSS 1.5T, 3T FPCB-based sub-leg type birdcage for double resonance

Ahmad, et al. [56] 2015 HFSS 3T BP birdcage coil which has an integrated detuning circuit on
flexible substrate

Kozlov et al. [57] 2016 HFSS 1.5T Effects of tuning and matching conditions on the B1 field homogeneity
of the birdcage coil

Xu et al. [58] 2017 HFSS 9.4T Analysis of the birdcage RF coils of various cross-sectional geometry
leg conductors

Ahmad et al. [59] 2017 HFSS 1.5T FPCB-based BP birdcage coil for small animal

Kozlov et al. [60] 2017 HFSS 1.5T Effects of the EM fields of the quadrature birdcage coil on the
ASTM phantom

Shan et al. [61] 2020 HFSS 3T Double end-ring dual tune LP-LP birdcage coil for the 31P/1H MRI

Fantasia et al. [62] 2020 HFSS 2.35T Double end-ring dual-tuned HP-LP birdcage coil for 23Na/1H MRI

Gurler et al. [63] 2015 COMSOL 3T, 7T Design and analysis of LP and HP birdcage coils.

Fong et al. [64] 2017 COMSOL Finding the most appropriate simulation setup for the birdcage
coil analysis

Garcia et al. [65] 2019 COMSOL 7T Shielded HP birdcage coil for small animal MRI
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Table 1. Cont.

Analysis
Method Author Year Simulation

Software MRI System Research Description

FDTD

Wang et al. [31] 2006 XFDTD 3T, 7T LP birdcage for parallel imaging by using higher order modes.

Soe et al. [66] 2007 XFDTD 3T Comparison of the B1 magnetic field homogeneity between the HP
birdcage coil and phased array coil

Wang et al. [67] 2012 XFDTD 7T Multinucleus imaging with the birdcage coil

Giovannetti et al. [68] 2015 XFDTD 3T Dual-tune LP birdcage coil with alternate legs tuned for the 23Na/1H
MRI of human calf

Seo et al. [69] 2015 XFDTD 4.7T, 7T, 11.7T Analysis of the birdcage coil for number of legs vs. the resulting B1
magnetic field

Lucano et al. [70] 2016 XFDTD 1.5T Analysis of five similar birdcage coils with different configurations
and polarizations

FDTD

Seo et al. [71] 2016 XFDTD 1.5T, 3T, 4.7T,
7T, 9.4T, 11.7T

Analysis of the birdcage coils under shielding and biological subject
loading conditions

Martin et al. [72] 2016 XFDTD 7T Analysis of the SAR as a function of legs of the birdcage coil

Tomas et al. [73] 2013 CST 7T Design and analysis of LP the birdcage coil

Basari et al. [74] 2015 CST 3T HP birdcage coil without lumped capacitors

Byun et al. [75] 2017 CST 7T Design and analysis of the birdcage coil inductively coupled with 16-ch
array coil

Valikovic et al. [76] 2017 CST 7T Whole-body transmitter birdcage coil for 31P MRI

Sonawane et al. [77] 2018 CST 1.5T HP birdcage for knee MRI

Manko et al. [78] 2019 CST 7T LP birdcage coil for small animal MRI

Heo et al. [79] 2020 Sim4Life 7T Artificial circular polarization using coaxial overlapped birdcage coils

Thiyagarajan et al. [80] 2014 EMPro 1.5T Microstrip type HP birdcage coil for head MRI

Seo et al. [81] 2015 XFDTD 7T Double layer birdcage coil implemented by wounding a layer of
crisscrossed loop

FIT Gagliardi et al. [82] 2018 CST 7T Degenerated FP birdcage coil for SAR prediction in human knee

FEM/FDTD Reza et al. [83] 2007 HFSS
XFDTD 7T Design and analysis of the birdcage coil using HFSS for S11 and

XFDTD for SAR

MoM/FEM Lopez Rios et al. [84] 2018 FEKO 7T BP birdcage coil for the whole-body NMR imaging of medium
size animal

3.2.3. Comparison of the Simulation Techniques

Based on Table 1, it can be concluded that the FEM-based software (HFSS and COMSOL) and
FDTD-based software (XFDTD and CST) are widely in use for the designing and analysis process
of the birdcage coil. The FEM-based full-wave simulation software are preferred, owing to their
capability to efficiently mesh the complex geometries. Their only disadvantage is the requirement of
large computational resources to solve large-sized equations matrix in the post processing. Conversely,
the FDTD-based software are very simple and efficient to use. However, their method of meshing the
complex geometries is not as good as that of the FEM-based software. This can cause significant errors
in the design and analysis process. Li et al. provided a detailed review of the numerical techniques
that were used for the analysis of RF coils [85]. They revealed that a hybrid numerical technique, i.e.,
simultaneous use of two numerical methods, can provide more accurate analysis of RF coils. Nowadays,
most of the modern numerical simulation software employs the hybrid numerical simulation techniques
in order to achieve a fast, efficient, and accurate analysis.

4. Implementation Techniques of the Birdcage Coil

The modern 3D full-wave EM simulation software have made it possible to design the birdcage RF
coil with various sizes for different clinical and nonclinical applications. The designs of the birdcage coil
that were obtained via numerical simulations under appropriate initial conditions and simulation setup
are quite ideal, as there are several physical parameters that cannot be properly modeled. The desired
performance characteristics of the birdcage coil can only be achieved if the prototype of the birdcage
coil is perfectly implemented [27]. Because the MRI is performed at microwave radio frequencies,
the geometry of the conductor, the self and mutual inductances, and the lumped capacitors are the
critical parameters in proper implementation of the birdcage coil. These factors not only affect the SNR,
but also the homogeneous distribution of the B1 magnetic field at the dominant resonance frequency.
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A review of the literature, which highlighted the different techniques for the implementation of the
birdcage coil, is provided in the following subsection.

4.1. Basic Implementation Considerations

4.1.1. Conductor Geometry

The electrical circuit of the birdcage coil is composed of ideally lossless conductors and nonmagnetic
capacitors. The conductors that are used as the legs and/or end-rings of the birdcage coil are usually
cylindrical wires, rectangular strips, and rectangular foils (micrometer thickness), as presented in
Figure 3.Diagnostics 2020, 10, x FOR PEER REVIEW 10 of 19 
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Figure 3. Birdcage coil implemented with different conductors: (a) Cylindrical wire [86]; (b) Rectangular
strip [40]; (c) Rectangular foil [77]; and, (d) Rectangular foil etched on a flexible printed circuit board [86].

Ideally, the direct current (dc) resistance of the conductors in the birdcage coil is considered to be
zero. However, the skin effect phenomenon at microwave frequencies becomes a source of alternating
current (ac) resistance in these conductors. The choice of conductor depends on the field strength
of the MRI system and its corresponding resonance frequency. For the lower field (<0.5T) birdcage
coils, Giovannetti et al. presented a detailed comparison between the rectangular and cylindrical
conductors [87]. Through bench-testing, they proved that a birdcage coil built using the cylindrical
conductor exhibits better performance than the one that was built using rectangular or foil conductors.
They established a relationship between rectangular and cylindrical conductors. Such a relationship
can be useful for building the birdcage with either cylindrical or rectangular conductors with nearly
similar performance characteristics. For high field birdcage coils, the authors of this article have
presented in a work published elsewhere that a coil that is made of a cylindrical conductor exhibits
higher resistance at high field (>3T) imaging frequencies [88]. They also revealed that the RF coil
that is made of foil conductors etched on a flexible dielectric substrate (or FPCB) exhibits excellent
characteristics on high field MRI applications. For ultra-high field (>9.4T) birdcage coils, Xu et al.
conducted an extensive study regarding the conductors with various shapes being used for the coil
construction [58]. They used 12 conductors with different cross-sectional shapes and confirmed that
the width of the leg conductors is an important factor in the performance of the birdcage coil.

4.1.2. Inductance of the Birdcage Coil

The birdcage coil is an LC resonator. The conductors (either cylindrical wires or rectangular
strips (or foils)), which are used as the legs and end-rings, are the source of distributed inductance
in the birdcage coil. The self-inductance of the cylindrical conductor with length l and radius r and
rectangular conductor with length l and width w can be determined while using the Equations (4) and
(5), respectively [34].

L =
µol
2π
·

[
ln

2l
r
− 1
]

(4)

L =
µol
2π
·

[
ln

2l
w

+
1
2

]
(5)
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The effective inductance of the birdcage coil is a combination of the self-inductance and mutual
inductance of the conductor. The mutual inductance between two parallel conductors of length l and
separated by a distance d are given by following equation [34]:

M =
µol
2π
·

ln l
d
+

√
1 +

l2

d2

−
√

1 +
d2

l2
+

d
l

 (6)

However, the calculations of the mutual inductance are quite complex for the birdcage coil, as it is
composed of N number of parallel legs and parallel end-ring segments. Some researchers developed
the theoretical methods in order to determine the mutual inductance for the legs and the end-ring
segments of the birdcage coil. In most of the solution, the mutual inductances of a conductor (leg or
end-ring segment) are computed as eigenvalues of a circulant matrix that were obtained by solving the
circuit analysis-based mesh equations in the time or frequency domains [35,39,43,89,90]. However,
Pascone et al. proposed a solution for the mutual inductance that is based on the calculation of the
distances between the parallel leg conductors while using the filamentary approximation and between
the end-ring segments using the polygonal (octagonal) approximation [91].

4.1.3. Capacitance of the Birdcage Coil

The capacitors used in the birdcage coil are lumped components. A nonmagnetic capacitor with a
high Q-factor has been proven to increase the performance of the birdcage coil [36,87]. Usually, the
approximate value of the capacitance is computed while using Equation (1) [18]. Kim et al. proposed
a method for the determination of the capacitance for the leg and/or end-ring using the dominant
resonance path concept [36]. In addition, Chin et al. employed the simple circuit theory technique
of voltage drop across the leg and end-ring segments and determined the required capacitances for
the legs and/or end-rings [90]. They used this technique in their famous software, named “Birdcage
Builder”, which is commonly used for determining the leg and end-ring capacitances of the birdcage
coils. The lumped components are known to execute the nonlinear characteristics at higher microwave
frequencies, which can be a limiting factor for the use of birdcage coil in high field and ultra-high field
applications. It has been demonstrated, by Hayes et al. for large-sized birdcage coils [27] and Son et al.
for the small-sized birdcage coils [92], that the replacement of the single-leg capacitor with multiple
series connected identical capacitors can improve the B1 magnetic field homogeneity along the axis
of symmetry of the birdcage coil. Some birdcage coils, which were implemented without lumped
capacitors, have also been reported. The capacitance that was required for the desired resonance in
such birdcage coils was obtained virtually by overlapping a specified part of the conductor segments
in the leg, end-ring, or leg and end-rings [74,93–95]. The capacitors that are implemented by such
techniques are usually referred to as integrated capacitors.

4.2. Special Types of Birdcage Coil

Along with the conventional birdcage coil, which is designed in LP, HP, and BP configurations,
the special types of the birdcage coil have also been presented. These types were either proposed for
special MR imaging application or for the detection of the NMR signals from various elements while
using the single birdcage coil. The modern EM simulation software have been successfully used in the
realization of the complex designs of the birdcage coil, as previously mentioned. A brief literature
review of some of the special designs of the birdcage coil is discussed in the following subsections.

4.2.1. Modified Birdcage Coils

The birdcage coil with a different physical appearance in terms of the shape and leg conductor
pattern or has any additional conductive section, which is part of the basic resonator that is referred to
as the modified birdcage coil in this article. The main purpose of the modification is to improve the B1
magnetic field homogeneity and strength under general or special circumstances. Table 2 presents
some featured modified designs of the birdcage coil.
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Table 2. Modified designs of the birdcage radio frequency (RF) coil.

Author Year MRI
System

Imaging
Element Design Description

Hayes et al. [96] 1986 1.5T 23Na
Birdcage coil with full conductive endcap as one end-ring and a shorter endcap with
the other end-ring

Harpen et al. [97] 1991 0.5T 1H Spherical birdcage resonator for homogeneous B1 magnetic field in spherical volume

Li et al. [98] 1997 3.0T 1H Elliptical birdcage for higher SNR

Alosp et al. [99] 1998 4.0T 1H
Spiral-leg birdcage coil for the improvement of B1 magnetic field homogeneity in the
transverse plane for high field MRI

Pak et al. [100] 2000 3.0T 1H
Hybrid-leg (straight + spiral) birdcage coil to improve the B1 magnetic
field homogeneity

Gulsen et al. [101] 2002 3.0T 1H
Birdcage coil with full conductive end caps on both sides for higher SNR and
stronger B1 magnetic field

Ryang et al. [102] 2003 1.5T 1H Birdcage coil with strain case-shaped legs for higher SNR and B1 magnetic field

De Zanche et al. [103] 2008 1.5T 3He Non-cylindrical birdcage for easy attachment and detachment to the patient table

Kim et al. [104] 2013 1.5T 1H Birdcage coil with modified legs to address the issues of a spiral birdcage

Kim, et al. [105] 2016 7T 1H Asymmetric HP birdcage for superior B1 at the center of the small mouse

Xu et al. [106] 2017 9.4T 1H
Replacement of strip with multiple parallel wires for each leg for higher SNR and B1
magnetic field

Heo et al. [107] 2019 7T 1H Two coaxial birdcage coil array configurations for the B1 magnetic field homogeneity

4.2.2. Dual-Resonant Birdcage Coils

The birdcage coil was originally designed for the single resonance operation with a unique
dominant resonance frequency mode that is used for the MRI of the 1H proton [18]. Afterward, the
birdcage coils were also developed for the MRI of element, such as, 23Na, 31P, and 3He, in the biological
objects for clinical and nonclinical purposes [76,103,108,109]. Instead of using separate birdcage coils for
the MRI of multiple elements, the dual-resonant birdcage coils were designed, which can perform the
MRI of the 1H and another element without replacing the coil. Special techniques were also proposed
in order to create two distinct leg current-based dominant resonance modes at the desired frequencies
in a single birdcage coil. The dominant resonance frequency for the 1H proton MRI is always higher
than the second dominant resonance frequency for the MRI of another element, as the gyromagnetic
ratio γ of 1H proton is the highest (42.58 MHz/T) among those of the other elements that are found in
biological objects. Table 3, below, presents some commonly used and newly proposed techniques for
the dual-resonant operation using birdcage coil.

Table 3. Various techniques for the dual-resonant operation of the birdcage coils.

Author Year MRI
System

Imaging
Element Dual Resonance Technique

Joseph et al. [39] 1989 1.9T 19F/1H
Unequal capacitances in the end-ring with specific increasing and
decreasing order

Rath et al. [110] 1990 4.7T 31P/1H Insertion of trap circuits into the end-rings and/or legs

Fitzsimmons et al. [111] 1993 2.0T 31P/1H Two birdcage coils set up with inner low pass and outer high pass

Murphy-Boesch et al. [112] 1994 1.5T 31P/1H Birdcage coil with four end-rings in the LP/HP and LP/LP configurations

Matson et al. [113] 1999 1.5T 31P/1H Birdcage coil with different impedances in alternate legs

Sheikh et al. [114] 2015 4.7T 31P/1H Utilization of dominant leg and end-ring resonances

Ahn et al. [115] 2018 4.7T
31P/1H

23Na/31P
Splitting of each leg into two different impedance sub-legs

4.2.3. Ultra-High Field Birdcage Coils

It is generally acknowledged that the quality of NMR images improves with the strength of the
magnetic field. The Birdcage coil is also a potential candidate for ultra-high field (7T and above) MRI
and it is used for the similar applications, as it is used for the high field (less than 7T) MRI. However,
the design of the birdcage coils for ultra-high field MRI applications is a challenging task. There are
several potential issues and challenging factors which can limit the use of the birdcage coil in high field
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MRI [116]. With the increase of static magnetic field strength B0, the Larmor frequency for imaging
increases with a consequent decrease in the wavelength. For high field applications, the wavelength
of the imaging frequency is larger (or comparable) than the sample dimensions, which is not the case
for ultra-high field applications. In the birdcage coils, this shortening in the wavelength disturbs the
sinusoidal distribution of the dominant resonance mode current, while the quadrature wavelength
also approaches the length of the birdcage coil legs, which results in the formation of standing waves.
The consequence of these effects is the non-homogeneous distribution of the transverse magnetic field
B1. Seo et al. analyzed all three configurations (LP, HP, BP) of the birdcage coil in the presence of
biological sample on various field strengths. He concluded that the birdcage coil that is implemented
with higher number of legs can increase the B1 magnetic field homogeneity at ultra-high field MRI
applications [71]. In a study, Nabetani et al. revealed that the utilization of the shorter legs can enhance
the performance of the birdcage coil for ultra-high field MRI applications [117]. Heo et al. used the idea
of shorter legs and devised a method for using an array of the birdcage coils in combination in order to
improve the signal intensity and B1 magnetic field homogeneity at 7T [107].

The stray capacitance and the radiated electric field due to longer leg conductors are two such
factors that become prominent at higher static field and can no longer be neglected. The stray capacitance
between different conductive parts of the birdcage coil increases with the static field strength. The lumped
capacitors that are inserted into the birdcage coil must be higher than the stray capacitance to avoid the
shift in the resonance frequency. The radiated electric field due to longer leg conductors raises the SAR
of the biological tissues, consequently inducing tissue heating. These two problems can be addressed
by reducing the dimensions of the birdcage coil’s leg which resultantly reduce the coil’s inductance.
The lumped capacitors in the birdcage coil are also used to serve as the electric field sinks. Breaking
the leg conductors into small segments and deploying multiple series connected lumped capacitors
instead of a single capacitor can be utilized to address this issue more effectively [27,118]. However, the
non-linear behavior of the lumped elements at higher microwave frequencies is also an established fact.
The obvious solution of the issue is to build the birdcage coils without lumped capacitors by using the
distributed capacitance techniques described earlier [93–95].

5. Conclusions

The birdcage resonator is considered to be the most successful RF coil for whole volume MRI
in clinical and research applications. Its excellent B1 magnetic field homogeneity and high SNR,
regardless of its size, makes it a preferable choice for imaging in any field strength MRI system. A
detailed literature review of the principle, functionality, design, analysis, implementation, and special
types of the birdcage coil has been presented in this article. The main objective of this work was to
elaborate the overall progress in all areas that are related to the birdcage coil engineering. The review
of literature that is presented in this article can be summarized in three main points. First, the 3D EM
simulation softwares has become an integral part in the analysis and design procedures of the birdcage
RF coil. Most of the research activities that are related to the birdcage coil that has been reported in the
previous decade are either completely based upon, or partially involves, the numerical electromagnetic
simulations. The FEM and FDTD based 3D EM simulation software, which are commercially available,
have become the preferred choice, owing to their robustness and efficiency. Second, even in the
presence of advanced numerical EM simulation software, the development of analytical techniques
for the simplification of the design and analysis process of the birdcage coil has become a subject of
interest. The most desired and prominent feature of the analytical solutions is the establishment of the
relationship between the design and analysis parameters. The maintenance of the separation between
the coil leg conductors and the geometry of the conductors are considered to be critical factors in the
appropriate performance of the birdcage coil. The third and most important point is the progress in
the prototype implementation of the birdcage coil. The performance characteristics of the cylindrical
and rectangular cross-sectional conductors at various field strengths have been the subject of debate.
Moreover, it has been observed that the cylindrical conductors for low-field and rectangular conductors
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for high-field applications have been common choices for the prototype implementation of the novel
birdcage coils. However, with such choices of leg conductors, the maintenance of the appropriate
separation has always been a crucial issue. Fortunately, this issue has been effectively addressed by
the FPCB-etched conductor technology. This technology is the key factor behind the development
of the special-type birdcage coils. Most of the conventional, modified, and multi-resonant birdcage
coils that have been reported in the previous decade were implemented by using the FPCB-etched
conductor pattern.
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