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Abstract 

 

 

 In Magnetic Resonance Imaging (MRI) application, radio frequency (RF) coils 

play an important role to excite the nuclei inside the imaging subject and receive MR 

generated signals. To achieve optimal transmit efficiency/receive sensitivity, it is 

necessary to re-tune the RF coils to its resonant frequency for different scanning samples. 

And the re-tune procedure is time-consuming. In this study, we proposed a novel RF 

volume transmission method which takes advantage of parallel plate waveguide (PPW). 

Due to the frequency-independent nature of the PPW, the designed volume transmit coils 

are able to work in broadband and are insensitive the loading changes so that the tedious 

re-tune procedure for different loadings can be avoided. In order to interface the PPW 

coils with the scanner, RF front-end circuits at both transmit end and receive end are 

designed, optimized and fabricated as discussed in Chapter 2. In Chapter 3, a linear PPW 

coil is designed and fabricated for human forearm proton imaging and phosphorous 

spectroscopy analysis. The calibrated transmit efficiency of PPW coil measured is close 

to that of the un-shielded Birdcage coil with same coil dimensions. Both high SNR 

proton images and decent phosphorous signals are obtained from both buffer solution 

phantom and human forearm. In Chapter 4, to meet with requirements of large volume 

transmission for MRI, a quadrature PPW coil’s design, fabrication and testing procedure 

is discussed. The transmit efficiencies of linear excitation and quadrature excitation are 

measured and compared. An approximate 40% increase in transmit efficiency is achieved 
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by using quadrature excitation. To boost the local SNR of the images, a conformal four-

channel “clover” shape detonable receive-only array is designed for MR signal reception. 

Both overlap and capacitive decoupling methods are employed to eliminate the mutual 

coupling between neighboring coils. The obtained uncombined images are compared 

with simulated receive coil profile to demonstrate the effectiveness of the decoupling 

strategies employed. 
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1. Introduction   

1.1. MRI Basics 

 

The principles of MRI rely on the spinning motion of specific nuclei present in 

biological tissues. Nuclei with odd atomic weight and/or an odd atomic number that have 

a net spin or angular momentum are tend to align their axis of rotation to an applied 

magnetic field and acquire a magnetic moment. The proton, the nucleus of the hydrogen 

atom, is the most prominent nucleus used for MR imaging due to its abundance in human 

body and nonzero nuclear magnetic moment.  

In the absence of an applied magnetic field, the magnetic moments of the 

hydrogen nuclei are randomly distributed and the net magnetization equals to zero [2]. 

When a strong static external magnetic field     is applied to the sample, the hydrogen 

nuclei will align with or against this magnetic field and create a net magnetization in the 

direction of the main magnetic field. Each nucleus that makes up the net magnetization 

vector is spinning about its own axis while the influence of    field makes magnetic 

moments of hydrogen precess around    . The precessional frequency is defined by 

Larmor equation 

                                                                         

where    is the magnetic field strength of the magnet,    is the precessional frequency 

and   is the gyromagnetic ratio which represents the relationship between the angular 

momentum and the magnetic moment of each MR active nucleus.  

According the definition of the resonance, nucleus can obtain energy form the 

external perturbation oscillates at the same precessional frequency. In order to make the 
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hydrogen nucleus resonate, an external radio frequency    field at exact Larmor 

frequency of hydrogen needs to be applied. This    tips the NMV from longitudinal 

plane toward transverse plane with an angle which is so-called flip angle. The magnitude 

of the flip angle depends on the amplitude and duration of the    field.  

When the tipped coherent magnetization cuts across a receiver loop, a voltage 

(MR signal) is induced and the strength of this MR signal depends on the amount of the 

magnetization in the transverse plane. After the switching-off of the    field, the NMV 

returns to align with    and loses energy. Two time constants    and    are used to 

define the relaxation. The longitudinal component experiences exponential recovery with 

time constant    and the transverse component experiences exponential decay with time 

constant   . 

1.2. Radio Frequency (RF) Coils for MRI 

 

RF coils usually functions as a transmitter to excite the nuclei inside the imaging 

subject, and as a receiver to collect MR signal induced by nuclei during the relaxation 

process [3]. For different structures, the RF coils can be divided into two major 

categories: volume coils and surface coils. 

1.2.1. Volume Coil 

 

Volume coils are designed to cover a bigger field of view such as human head, 

knee or even the whole body and provide homogeneous RF excitation. The most widely 

used volume coils clinically include Birdcage Coils, TEM Coils [5] and Saddle Coils 

[33]. The disadvantage of the volume coils is that large field of view makes them receive 
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noise from the whole sample and reduce the SNR. To address this problem, quadrature 

excitation is often employed in volume coil design to increase the SNR by a factor of     

and reduce the power consumption to half [3]. 

Birdcage coil is the most common used volume coils for both RF excitation and 

MR signal reception. Since the Birdcage coil will be used in this dissertation for transmit 

efficiency comparison with the proposed novel volume transmission coil, the basic theory 

of the Birdcage coil is briefly reviewed in this section and an example of the Birdcage 

coil designed at 3T is given. 

The birdcage coil is made of multiple parallel conductive segments that are 

parallel to the    field (Fig 1.1). These parallel conductive segments are referred to as the 

rungs or the legs. These rungs interconnect a pair of conductive loop segments, and the 

two top and bottom loops are called the end rings. A high-pass coil is where the 

conductive loops have capacitors between adjacent rungs. A low-pass coil is where the 

capacitors are in the middle of the rungs. A hybrid coil is where the capacitors are located 

on the loop segments and the rungs. A high-pass is so called because the high frequency 

signals will tend to pass through capacitive elements while low frequency signals will 

tend to pass through inductive elements. 
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Figure 1.1: High-pass Birdcage coil and its lumped element equivalent circuit. 

 

The current on each rung can be calculated using Equation (1.2) and the resonant 

frequencies can be derived from Equation (1.3) in which   is the capacitor value,   is the 

value of the inductance and   represents the mutual inductance. 

         
    

 
            

 

 
      

    
    

 
            

 

 
                                      

              
  

 
   

 
                

 

 
                            

For high-pass birdcage coil     gives the dominant mode at the second highest 

resonant frequency. The currents in all rungs have an approximate sinusoidal current 

distribution so that a homogeneous field could be generated. 
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An 8-rung high-pass Birdcage coil design example is shown in Figure 1.2. The 

dominant mode of the Birdcage coil was tuned to 123.2MHz. The   
  and   

  fields were 

simulated and shown in Figure 1.2 (c) and (d). 

 

                                                                               

 

                                                                                
 

Figure 1.2: a) Model of un-shielded high-pass Birdcage coil designed at 123.2MHz b). 

Frequency response of the Birdcage coil c). Simulated   
  field in transverse plane d). Simulated 

  
  field in transverse plane. 

 

1.2.2. Surface Coil 

 

Different from the volume coil which detects the signal from the whole sample, 

the surface coil placed close to the sample surface was firstly developed by Ackerman 
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and the improved SNR was demonstrated [34]. Due to the fact that the surface coil is 

positioned much closer to the imaging sample, the signal received is enhanced and 

meanwhile the noise is only picked up in the vicinity of the surface coil which leads to 

higher SNR than using volume coils. The SNR of a single surface loop can be derived by 

dividing the induced electromotive force (EMF) by the total noise of the loop coil. The 

EMF produced at the terminals of a coil is defined as Equation (1.4) according to the 

Faraday’s Law 

          
 

  
           

           
 

  
                                            

where     represents the RF magnetic field.    is the voxel volume in which the 

fields of the coil and the magnet are assumed as constant.    is the magnitude of the 

static equilibrium magnetization projected into the transverse plane. The noise of the coil 

within the signal receiving bandwidth    is characterized by the coil resistance   as  

                                                                             

in which   is Boltzman’s constant and T is the operating temperature. The 

intrinsic SNR can be derived as the ratio of the peak signal voltage to the rms noise level 

    
 

  

        

       
                                                            

To realize most efficient power transmission and signal reception, the surface coil 

needs to be tuned exactly to its Larmor frequency. For regular loop coil, the inductance of 

each wire segment can be easily estimated according to the coil structure and the material 
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chosen for fabrication. Then the capacitors value can be obtained using Equation (1.7) to 

realize resonance. 

  
 

       
                                                                     

The capacitors need to be distributed evenly along the loop. Following the rule of 

thumb, the individual segments of the coil conductor should be smaller than 1/10 of the 

wavelength to minimize the phase shifts along the coil path [1]. When the coil is 

connected to the network analyzer for the input impedance measurement, a real 

impedance should be observed at the input terminal of the loop coil which represents the 

total loss (coil loss, radiation loss and phantom loss) at the tuning frequency. After tuning 

the coil to the Larmor frequency, the input impedance of the coil needs to be matched to 

the system characteristic impedance (50 ohm) to prevent signal reflection. There are 

many matching network topologies can be employed such as pi-network, L-network and 

transformer matching. Most appropriate matching schemes should be determined based 

on different coil dimensions and its applications.  

1.2.3. Phased Array 

 

However, the relative small dimension of the surface coil extremely constraints its 

field coverage. To address this problem, loop array was proposed by Roemer to obtain 

optimal SNR over the entire volume region covered [26]. Other than improved SNR, 

phased array also brings in more design flexibility for MRI RF coil design. It could be 

used for receive-only array, transmit-receive array and parallel imaging.  
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1.2.4. Receive-only Array 

 

As aforementioned single surface loop can provide a high relative SNR over only 

a small region, but if with proper image reconstruction techniques, the signal from the 

array could provide higher SNR over the entire field of interst. The signals from each of 

the receive element can be combined either by hardware combiner or weighting the 

signals from each coil for optimal SNR using algorithm. During the SNR optimization, 

the weighting coefficient includes amplitude and phase for each array element need to be 

corrected at each single point. There are several methods that could be used for 

combining the receive signals [26]. The easiest way is to reconstruct the images by 

directly combining the magnitudes. However, it will result in a lower image SNR than 

using complex images. Furthermore, optimum   -weighted combining can be employed 

when    fields generated by the coil elements are known. If the coils magnetic fields are 

un-known, the root-sum-of squares (RSS) can be used to combine the images and 

estimate SNR [66]. An example of four channel receive-only array combined images is 

shown in Figure 1.3.  
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Figure 1.3: a) A four-channel receiver array b-e) Uncombined images of the four coil elements in 

transverse plane f) Combined image in transverse plane. 

 

Due to this advantage, the receive-only array is widely used in clinical MR system 

incorporated with a separate transmit coil which provides homogeneous B1 field 

excitation. However, to obtain optimal SNR in the combined image, each array element 

needs to be working independently. Theoretically, when two array elements which are 

tuned to the same resonant frequency are placed in close proximity, the mutual coupling 

between the elements will split the resonances as shown in Figure 1.4. The mutual 
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inductance will transfer signal and noise within the coupling elements and then reduce 

the receive sensitivity [26].  

 

Figure 1.4:  When two adjacent surface coils tuned to the same frequency     , the original 

resonances split into two resonances. 

 

There are several methods can be employed to eliminate the mutual decoupling 

between array elements. Firstly, by slightly overlapping two neighboring coils, the 

mutual inductance can be greatly reduced. When two adjacent coils are properly 

overlapped, the magnetic flux flow through the overlapped area cancels out the magnetic 

flux in un-overlapped area, so that the inductive coupling can be well-reduced in a wide 

frequency band. A second method is capacitive decoupling. The voltage drop generate by 

the current flowing on a coil cancels the electromotive force induced in neighboring coil 

by the same current. However, the capacitive decoupling is narrow-band and is quite 

sensitive to the change of the decoupling capacitor. Therefore, tunable capacitors are 

often used in decoupling procedure performed on bench top. Unfortunately, the above 

two decoupling methods can only solve the coupling problem between neighboring coils. 

In order to provide complete decoupling between all coil elements, preamplifier 
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decoupling method was proposed. Since the mutual coupling is caused by the current 

flow in the coil element, if the current flow could be suppressed and the voltage is sensed 

instead by the preamplifier, the mutual coupling can be reduced to a large extent. To 

fulfill the decoupling, preamplifier with low input impedance (<5 ohm) is widely used in 

MRI RF receive-only array design because whose low input impedance can be 

transferred to a large impedance at the input terminal of the coil so that the current in coil 

is reduced and the mutual coupling is minimized.  

Since coaxial cables are often used in RF coil design to connect the preamplifier 

with the coil, the additional phase delay added by the coaxial cable need to be taken into 

consideration if the preamplifier decoupling technique was adopted.  The method to 

determine the cable’s length varies for different matching networks applied. For quarter-

wavelength pi matching network with characteristic impedance of          where    

is the coil input impedance and    is system impedance, if the preamp is connected to the 

matching network through a cable with a phase delay of integer number of 180 degree, a 

high impedance with value of          will be applied to the coil in which    is the 

input impedance of the preamplifier [50]. For example, a preamplifier with input 

impedance of 1 ohm is connected to a coil element with input impedance of 3 ohm, a 

high impedance of 150 ohm (much larger than the coil input impedance) will be 

transferred at the coil input port and greatly suppress the current. For L-network 

matching, by carefully adjusting the length of the coaxial cable, preamplifier decoupling 

can also be achieved [65]. If the input impedance of the preamplifier is denoted as   , 

and assume the length of the transmission line is  , the obtained impedance    after the 

coaxial cable transformations can be derived as  
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where   
  

 
 

Then    is in series with the capacitor in the L-matching and results in a shunt 

capacitor which is in parallel with the inductor in the matching network. If the length of 

the transmission line is adjusted properly, a parallel LC-tank resonates at Larmor 

frequency will be inserted into the loop coil and reduce the current in coil as shown in 

Figure 1.5. 

 

Figure 1.5: Schematic of the preamplifier decoupling for the surface coil matched using L-

network. 

 

In bench-testing, the effect of the preamplifier decoupling can be measured by 

using double probe as shown in Figure 1.6. The double probe is made of two small 

identical loops which placed adjacently. The two loops are slightly overlapped as is has 

been done in RF coil design to eliminate the mutual decoupling. Since the loops are 

relatively small compared to the RF coil, the two loops can be placed closely to the coil 
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and experience same electromagnetic coupling with the coil. The square root of the 

measured probe gain is proportional to the coil efficiency and sensitivity by reciprocity. 

The probes can also be used to measure the Q-factor of the coil by maximum probe gain 

level and the 3dB bandwidth [74]. 

 

Figure 1.6: Double-probe and single probe fabricated using semi-rigid coaxial cable. The screw 

can be twisted and change the overlap area of the double probe precisely to obtain optimal 

decoupling. 

 

To evaluate the preamplifier decoupling, the frequency response of the isolated 

surface loop is measured firstly. Then the DC biased preamplifier is connected to the 

matched coil via the coaxial cable with proper phase delay and the frequency response is 

measured again. The reduction of the double probe gain reflects the effect of the 

preamplifier decoupling.  According to experimental experience, a signal reduction close 

to -20dB can provide enough decoupling between two coil elements as shown in Figure 

1.7. 
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Figure 1.7: Measured probe gain of isolated coil and preamplifier decoupled coil. 

 

1.2.5. Transmit-receive Coil  
 

Due to the fact that the transceiver loop array transmits RF power and receives 

signal using the same coil structure, the design of the transceiver array is more complex 

than the receiver-only array. To switch between transmit and receive, a Transmit/ 

Receive switch is necessary in the front-end circuit design as shown in Figure 1.8. 

Unfortunately, the preamplifier decoupling is only feasible for the receiver-only array, 

more effort need to be devoted into the decoupling strategies applied to the transceiver 

array. Just like that the mutual coupling will lower the coil sensitivity of the receiver 

array, the coupling between transmit elements reduces the transmit efficiency.  
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Figure 1.8: Diagram of a typical transmit and receive coil. 

 

However, the profits of using transceiver array are also obvious. The static   
  

field shimming can be performed to overcome the undesirable field inhomogeneity. The 

magnitude and phase of each transmit element’s excitation can be calculated using 

numerical simulation and implemented through hardware design so that the transmit 

energy can be focused within the field of interest which is more useful for high field MR 

imaging where the   
  field inhomogeneity gets worse. Another advantage of employing 

transceiver array is that RF shield can be applied to the transceiver array and helps reduce 

the radiation loss so that the transmit efficiency and receive sensitivity can be greatly 

improved. 

Following is a design example of the transceiver array for cardiac imaging 

application. The cardiovascular MR (CMR) is a widely used clinically for cardiac disease 

and treatments [36,75]. The intrinsic high SNR and CNR of high magnetic field drew 

increasing research interests in high-field cardiac RF coil design. However, due to the   
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inhomogeneity caused by the short wavelength of the RF fields inside human tissue at 

high frequency, the B1 field shimming realized through hardware design is necessary to 

obtain a uniform field distribution within the region of interest. In this example, the B1 

field of this 4-channel cardiac array is shimmed to the left of the patient (Figure 1.9 (c)). 

Also the front-end circuit board is positioned on the top of the coil array and performs as 

shield in order to lower the radiation loss and increase the transmit efficiency and receive 

sensitivity. 

 

 

                                                                            

 

                                                                                 
Figure 1.9:  Design example of a four-channel cardiac transmit/receive array. a). Front-

end circuit board b). Transmit/receive array c). Phantom image in transverse plane d). Human 

cardiac image. 
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2. Radio Frequency Front-End Circuits Design 
 

To excite RF power and receive generated MR signal, RF front-end circuits are 

designed according to different MRI coil structures and applications. For multi-channel 

transmitting, power dividers such as hybrid and Wilkinson can be employed to split the 

total input power equally/un-equally and drive the transmit array elements. Conventional 

circular polarization or static   
  field shimming can be achieved by designing the 

specific power ratio and phase delay for each transmit channel. On the signal reception 

side, low noise preamplifiers (LNA) with low input impedance are designed for magnify 

the weak MR signal and suppress mutual coupling between receive elements. For 

transceiver array, further transmit/receive switch is added for switching between power 

transmitting and signal receiving. In this chapter, the design optimization and fabrication 

procedure of several most commonly used front-end circuits in MRI application are 

discussed. 
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2.1. Wilkinson Power Divider 

 

The Wilkinson power divider was firstly published by Ernest J. Wilkinson in 

1960 for power splitting, which can achieve isolation between the output ports while 

maintaining a matched condition on all ports. The Wilkinson power divider designed can 

also be used as a power combiner because it is made up of passive components and hence 

reciprocal. Quarter-wavelength transmission lines or lumped elements can be used for the 

Wilkinson power divider fabrication. 

2.1.1. Unequal Power Ratio Wilkinson Power Divider 

 

The Wilkinson power divider/combiner is consists of two quarter-wavelength 

transmission line with characteristic impedance of    and   which connect in parallel at 

the input port as shown in Figure 2.1. A resistor is used to provide isolation between 

output ports and two additional quarter-wavelength transmission lines are employed to 

match the two output ports to the system impedance   . The characteristic impedances of 

the transmission lines and the value of the isolation resistor can be derived by assuming 

that the power split ratio between two output ports is    that is     
    [55].  

 

 

http://en.wikipedia.org/wiki/Passive_components
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Figure 2.1: A Wilkinson power divider in microstrip form having unequal power division. 

 

Since there’s no current flows through the resistor and hence no voltage drop on 

it, the output voltages at output port 2 and port 3 are identical. To obtain the power split 

ratio   , the load impedances at port 2 and port 3 should satisfy Equation (2.1) 

                                                            (2.1) 

Through the transformation of the two quarter-wavelength transmission lines, the 

admittance seen by the input port is  

    
   

  
  

   

  
                                                          

by eliminating     using (2.1) and (2.2), it has 

      
    

        
   

                                        (2.3) 

With same power split ratio at the input joint of two quarter-wavelength 

transmission lines, the following impedance relationship can also be obtained 

                                                           (2.4) 

And in order to isolate port 2 and port 3, the isolation resistor should have the 

value of  
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By using Equations (2.1), (2.3), (2.4), and (2.5), the impedances of the 

transmission lines and output loads can be expressed as  

                                                                   

   
 

 
                                                               

    
   

    
                                                          

    
 

    
                                                          

where the value R can be chosen arbitrarily. 

To obtain similar characteristics for port 2 and port 3, the load impedance     and 

    can be chosen as  

                                                           (2.7) 

    
  
 
                                                                  

Two addition quarter-wavelength transmission lines are used to transform the load 

impedance     and     to    as shown in Figure 2.2. Then the isolation resistor value and 

transmission lines impedances can be calculated as 
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Figure 2.2: Schematic of unequal Wilkinson power divider with additional transmission lines for 

impedance matching. 

 

To meet the power dividing/combining requirements of the study in Chapter 3, 

two unequal split Wilkinson power dividers with power split ratio of 2:1 and 5:1 at 

120.3MHz and 297.2MHz respectively were designed and fabricated.  Firstly, the 

theoretical values of the resistors and transmission line impedances were calculated using 

Equations (2.9 a-e) and are listed in Table 2.1 
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Power Ratio R             

2:1 106.07 51.49 102.99 42.04 59.46 

5:1 134.16 36.63 183.14 33.44 74.77 

 

Table 2.1: Theoretically calculated values for isolation resistors and characteristic impedances of 

transmission lines for unequal Wilkinson power divider. 

 

However, the quarter-wavelength in free space is approximate 25.24 cm at 

297.2MHz and 62.34 cm at 120.3MHz which are too long for the front-end circuits 

designed for MRI application. To overcome this problem, lumped element low-pass pi 

networks were used to replace quarter-wavelength transmission lines at single frequency 

point. The inductor and capacitor values can be calculated using following equations: 

 

  
        

  
                                                              

  
        

          
                                                           

 

where       for quarter-wavelength transmission line and       . The 

calculated lumped element components’ values were used in the layout simulation 

performed in ADS Momentum (Agilent Technologies, Palo Alto, California, USA) and 

optimized for best circuit performance. The layouts of the power dividers were firstly 

designed in FreePCB and then imported into ADS simulation. Using the ADS 

Momentum simulation can take the power loss and phase delay brought in by the copper 

trace on 1/32” FR4 substrate into consideration which could provide more accurate 
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simulation results and help simplify the tuning procedure on bench. The simulation 

results for the unequal Wilkinson power dividers are shown in Figure 2.4 and Figure 2.5. 

The bench measurements of the dividers are shown in Figure 2.6 and Figure 2.7. 

 

 

Figure 2.3: Layout of the unequal Wilkinson power divider used in ADS Momentum simulation. 
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Figure 2.4: Simulation results for 1:5 unequal Wilkinson power divider at 297.2MHz. 

 

 

Figure 2.5: Simulation results for 1:2 unequal Wilkinson power divider at 120.3MHz. 
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Figure 2.6: Measured S-parameters of the fabricated 1:5 unequal Wilkinson power divider at 

297.2MHz. a). Mag(S21) b). Phase(S21) c). Mag(S31) d). Phase(S31)  e). Mag(S11). 
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Figure 2.7: Measured S-parameters of the fabricated 1:2 unequal Wilkinson power divider at 

120.3 MHz. a). Mag(S21) b). Phase(S21) ) c). Mag(S31) d). Phase(S31) e). Mag(S11). 
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2.1.2. Broadband Wilkinson Power Divider 

 

The design of the broadband Wilkinson power divider followed that of a dual-

band Wilkinson power divider whose main idea is to use a two-section transformer with 

different characteristic impedances and physical lengths for each section to realize 

simultaneous impedance matching at dual frequencies of interest [56]. The two-section 

transformer is illustrated in Figure 2.8. 

 

 

Figure 2.8: Schematic representation of a two-section transformer. 

 

The input impedances     and   
  at intersections can be derived as  

      
  
              

      
          

                                               

  
    

               

               
                                                

By equating equation (2.12) to    and solving   
  from it, it has 

  
    

               

               
                                                

The real and imaginary parts of Equations (2.13) and (2.14) are identical, so it can be 

derived that 
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Above two equations should hold for both two frequencies and yield to  

      
 

     
                                                  

    
  
  
          

  
  
        

 

   
    

 
 

 

 
 

                   

   
    
  

                                                              

where             
            

  

The resistor values and transmission lines characteristic impedances of the dual-

band Wilkinson power divider can be obtained by applying the derivation results of two-

section transformer to even/odd mode analysis of Wilkinson power divider[59]. Using 

even mode analysis, the transmission line impedances can be derived by plugging 

       into Equations (2.18) and (2.19), and it has 

      
 

  
  

 

   
                                                 

   
   

 

  
                                                            

Then the resistor values can be obtained from odd-mode analysis and the above 

characteristic impedance and physical length of the transmission lines.  
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The dual frequencies of the Wilkinson power divider were set at            , 

            and the center frequency    is located at       . The parameters of 

the transmission lines and isolated resistors were calculated as Z1=75.97 ohm, Z1=65.81 

ohm, R1=136.4 ohm, R2=164.7 ohm, L1=52.75 degree, L2=127.25 degree. To make the 

dimension of the broadband power divider reasonable at MR frequencies, the 

transmission lines in the power divider were also replaced by lumped element pi 

networks. However, unlike the single frequency application, using lumped element in 

broadband design will cause problem since it only equivalent to transmission line at the 

single frequency it was designed. To realize broadband functionality, the center 

frequency         was used in the calculation of all the lumped element pi networks 

and circuit optimization tool of ADS was employed to optimize all the capacitor and 

inductor values over a wide frequency band as shown in Figure 2.9. 
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Figure 2.9: Control panel of the ADS circuit performance optimization. For the broadband 

Wilkinson power divider, the magnitude of the reflection coefficient was optimized over a wide 

frequency band. 

 

Figure 2.10: Layout of the broadband Wilkinson power divider used in ADS Momentum 

simulation. 
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Figure 2.11: Simulation results for broadband Wilkinson power divider from DC to 400MHz. 

 

Then the optimized components values and designed circuit layout were directly 

used in the fabrication. Due to the tolerance of the commercial available components, 

some further adjustments on component values were conducted to achieve best circuit 

performance. Following are the bench-testing results of the broadband Wilkinson power 

divider/combiner fabricated. The measurement results match well with the simulation 

results as shown in Figure 2.12. The input power is split equally (Amplitude balance = ± 

0.1 dB) and the phase difference between two output ports is controlled within 5 degree. 
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Figure 2.12: Measured S-parameters of the fabricated broadband Wilkinson power divider at 

both 123.2MHz and 297.2MHz. a). Mag(S21) b). Phase(S21) c). Mag(S31)   d). Phase(S31)  e). 

Mag(S11). 
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2.2. T/R Switch 

 

For high scanning image quality and patient safety, MRI RF coils need T/R 

switches to provide reliable and fast switching between power transmission and signal 

receiving within the short durations of the RF pulses. The main goals of T/R switch 

design are: first, the attenuation of both transmit and receive channels need to be 

minimized in order to prevent too much loss in transmit efficiency and receive sensitivity. 

Secondly, the isolation between transmit channel and receive channel is maximized to 

prevent high transmit power being coupled into receive loops. The schematic of the T/R 

switch design is shown in the Figure 2.13.  

 

Figure 2.13: Schematic of the Transmit/Receive switch. 
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To completely shut down the receive channel during transmitting, the PIN diodes 

in the above schematic are forward biased using DC signal and connect the quarter-

wavelength pi networks directly to ground (short). This short is then transformed to an 

open at the other end of the pi-network which blocks the transmit power from receive 

channel. In order to provide excellent isolation (<-30dB) between transmit and receive 

channels, two sections of the quarter-wavelength lumped element pi networks were used 

in the T/R switch design. The capacitors and inductors values in the pi-network were 

optimized to obtain low insertion loss and high isolation simultaneously. The transmit 

channel design was relatively simple, a high voltage PIN diode is forward biased during 

transmitting and turned off when receive channel is activated. 

For the purpose of switching between transmit and receive for both proton and 

phosphorous signals at 7T, T/R switches were designed at 120.3MHz and 297.2MHz 

separately due to the narrow-band property of the pi-network. Figure 2.14 and Figure 

2.15 show the measurement results of the T/R switches designed for 120.3MHz and 

297.2MHz. 
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Figure 2.14: Measurement results for 297.2MHz T/R switch. a). Insertion loss of receive channel 

b). Isolation of receive channel c). Insertion loss of transmit channel d). Isolation of transmit 

channel. 
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Figure 2.15: Measurement results for 120.3MHz T/R switch. a). Insertion loss of receive 

channel b). Isolation of receive channel c). Insertion loss of transmit channel d). Isolation 

of transmit channel. 
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2.3. Diplexer 

 

To make both 1H and 31P signals share the same coil structure during RF power 

transmitting, a diplexer was designed and fabricated for low frequency signal 

(120.3MHz) and high frequency signal (297.2MHz) coexistence.  According to the theory 

of the diplexer, two band-stop filters with center frequencies at 120.3MHz and 297.2MHz 

were firstly designed for 50 ohm system using Elsie as shown in Figure 2.16 and Figure 

2.17. 

 

Figure 2.16: a) Schematic of the band-stop filter at 297.2MHz 

b) Simulated transmission (in Blue) and return (in Red) loss of the band-stop filter. 
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Figure 2.17: a) Schematic of the band-stop filter at 120.3MHz 

b) Simulated transmission (in Blue) and return (in Red) loss of the band-stop filter. 

 

Then these two designed filters were connected to a common port to implement 

frequency domain multiplexing. However, the coupling between two filters will impact 

the performance negatively. Additional optimization based on the attenuations and 

isolations at target frequencies was performed. The diplexer was first simulated in ADS 

momentum with circuit layout imported and then fabricated on 1/32” fr4 board with one 

ounce copper thickness. 
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Figure 2.18: Layout of the diplexer used in ADS Momentum simulation. 

 

 

Figure 2.19: Simulation results for diplexer from 50MHz to 350MHz. 
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After circuit performance optimization in simulated, the diplexer was fabricated 

and measured on bench top. The measurement results are shown in Figure 2.20. The 

insertion losses at both frequencies are controlled below -0.35 dB and the isolations are 

lower than -40 dB. 

 

        

                                                                                  
 

Figure 2.20: Measurement results for diplexer a). High frequency channel b). Low frequency 

channel. 
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2.4. Low Noise Preamplifier 

 

As mentioned in Chapter 1, low noise amplifier (LNA) is widely used in the MRI 

RF coil design to magnify the weak MR signal and eliminate the mutual coupling 

between neighboring coils by tuning the input impedance of the preamplifier to a small 

value [50]. However, to meet the specific requirements of the study that will be discussed 

in Chapter 3, the design procedure of a high input impedance preamplifier is discussed in 

this section. 

A two stages LNA structure was employed for the high input impedance 

preamplifier design as shown in Figure 2.21. Since the noise level of the first stage 

dominates the whole noise figure of preamplifier according to Equation (2.2), a low noise 

FET transistor ATF54143 (Avego Technologies., San Jose, California, USA) was chosen 

for the first stage signal amplification. To provide further amplification to the MR signal, 

a NPN bipolar transistor BFP720 (Infineon Technologies, Neubiberg, Germany) was 

used in the second stage. Active DC bias circuits were designed for both stages of the 

preamplifier to provide 3V, 40mA bias to ATF54143 and 3V, 15mA to BFP720 as shown 

in Figure 2.22. 

 

Figure 2.21: Block diagram of a two-stage LNA designed for MRI application. 
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Figure 2.22: Schematic of the high input impedance preamplifier. 

 

Because of that the ATF 54143 is fabricated specifically for wireless 

communication application (450 MHz~6 GHz), the transistor parameters such as 

transistor stability were not optimized for low frequency application (<400 MHz). To 

prevent the transistor oscillate during operation in scanner, pi attenuators were added at 

the output of the transistors at both frequencies to make the transistor unconditionally 

stable (K>1) at MR frequencies as shown in Figure 2.23.  
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Figure 2.23: Simulated stability factor of ATF54143 with attenuators added at c).123.3 MHz and 

d). 297.2 MHz. 

 

After achieving unconditionally stable, the S-parameters,      ,      and    of 

transistor and the pi attenuators were re-simulated for LNA design as shown in Table 2.2. 
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Frequency 120.3 MHz 297.2 MHz 

S11 0.916-j0.346 0.595-j0.708 

S12 0.0007+j0.003 0.003+j0.007 

S21 -7.618+j1.849 -5.983+j3.794 

S22 0.055-j0.015 0.042-j0.031 

      0.235 0.241 

     0.306+j0.229 0.277+j0.285 

   2.739 2.728 

 
Table 2.2: Simulated transistor parameters with attenuator attached. 

For the high input impedance preamplifier design, an arbitrary    was firstly 

selected arbitrarily within the constant gain circle (gain>11dB) calculated using following 

equations so that the first stage of the preamplifier can provide a reasonable gain [49]. 

 

    
    

         

                
 
 

 
                      

   

                 
             

       
    

         

                
                                      

       
                       

   

                
                    

where                  
  and                 
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Figure 2.24: Constant gain circles of ATF54143 with attenuator at both 120.3MHz and 

297.2MHz. 

 

Then     was calculated using equation  

    
       
       

                                                      

And    
  can be obtained using preamplifier high input impedance by 

   
  

    
    
    
    

                                                       

With above derived equations, a circle of    with following center and radius can 

be found as [70, 71] 
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However, above equations can only return a    which guarantees a preamplifier 

input impedance with high input reflection coefficient. To accomplish a high input 

impedance with real value, further selection on the calculated    need to be performed. 

As shown in Figure 2.25, through the L-matching network     
 is matched to      and in 

reciprocity    is matched to   .  

 

Figure 2.25: Illustration of input and output matching networks for first stage of the high input 

impedance preamplifier. 

 

With     (Equation (2.23)) and    
  (high input impedance) known, the inductor 

and capacitor values in the L-network can be obtained. Then the     which can be 

transferred to    using the same designed matching network was selected for NF and 

gain calculation using following equations 
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The    gave best NF and gain was chosen for high-input impedance preamplifier 

implementation as listed in Table 2.3. 

Frequency 120.3 MHz 297.2 MHz 

   0.0554-j0.0832 0.034+j0.1971 

   -0.013+j0.0417 -0.0748+j0.0775 

L (Input Matching) 384.50 nH 63.32 nH 

C (Input Matching) 312.82 pF 47.55 pF 

Input Impedance 5000 ohm 1500 ohm 

NF 0.3673 dB 0.2625 dB 

Gain 11.77 dB 16.89 dB 

 

Table 2.3: Parameters of the designed first stage of the preamplifier 

 

 

Figure 2.26: Simulation schematic of the first stage of the preamplifier. 
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Figure 2.27: Simulation results of the first stage of the preamplifier at 120.3MHz. 

 

Figure 2.28: Simulation results of the first stage of the preamplifier at 297.2MHz. 
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The same design procedure was performed for the second stage. The difference is 

that the input impedance of the second stage was matched to the output impedance of the 

first stage to realize gain matching. The gain of the second stage was controlled so that an 

approximate 30dB gain can be achieved by the two-stage preamplifier. Similar to the 

previous front-end circuits design, the layout of the preamplifier was involved in the ADS 

Momentum simulation as shown in Figure 2.29. 

 

Figure 2.29: Simulation layout of the high input impedance preamplifier in ADS Momentum 

simulation. 

 

The values of the inductor and capacitor in the input matching network were 

slightly adjusted so that high input impedances could be obtained. The measuremd input 

impeances of the fabricated preamplifiers at both frequenices exceed 800 ohm. The gains 

of the preamplifier are approximate 30dB and the noise figures are controlled to a low 

level as shown in Figure 2.32. 
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Figure 2.30: Simulation results of the two-stage high input impedance preamplifier at 120.3MHz. 

 

Figure 2.31: Simulation results of the two-stage high input impedance preamplifier at 297.2MHz. 
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Figure 2.32: Measured input impedance of the preamplifier fabricated at a). 120.3MHz b). 

297.2MHz. and measured gain and noise figure at a). 120.3MHz b). 297.2MHz. 
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3. Parallel-Plate Waveguide for Volume Radio Frequency 

Transmission in MRI [84] 
 

3.1. Introduction 

 

As mentioned in Chapter 2, the conventional RF coil designed for MR imaging 

application such as volume coils (birdcage coil, TEM coil) and surface array coils are 

resonant structures. Optimal transmit efficiency or receive sensitivity can only be 

achieved by tuning the coil to the specific Larmor frequency [1, 4, 5]. However, the 

changes in loading to be imaged and the scanning environment may cause the tuning 

frequency of the RF coil shift from the Larmor frequency. This frequency shift makes RF 

power input reflect back to the generator due to impedance mismatch [6] and lower the 

coil’s performance. This narrowband feature is typically characterized by the quality 

factor (Q-factor) [1] and high-Q coils are preferred for their low coil/sample losses. On 

the other hand, it also indicates the sensitivity of a coil to its operating condition. This 

problem is especially pronounced in high-field applications, where the design of transmit 

coils can be a challenging task [7, 8, 9, 10]. From the electromagnetic perspective, high-

Q resonators are sufficient but not necessary for effective RF transmission. The use of 

traveling-wave structures, which are non-resonant, has been studied extensively in 

antenna engineering [6]. Due to the lack of sharp resonant peaks, broadband antennas 

require no frequency tuning within its operating bandwidth, and are less sensitive to 

environment variations and manufacture defects [6]. The use of traveling-wave structures 

in MRI has been studied by different groups in the past. Brunner et al. [11] demonstrated 

the feasibility of using the RF shield of an MRI scanner as a waveguide to support 
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traveling waves. The main waveguide structure does not require reactive components for 

tuning, and a circularly polarized patch antenna was used for RF excitation and signal 

reception. This concept was further extended by using dielectric inserts to reduce 

impedance mismatch between air/tissue boundaries [12, 13]. Zhang et al. [14] performed 

a thorough comparison of waveguide-based transmitters and the TEM coil via numerical 

simulations. The investigators found that wave attenuation and reflection from body 

boundaries caused substantial   
  inhomogeneity; although a high degree of uniformity 

was achieved inside an empty scanner bore. One of the main features of waveguide-based 

transmitters is that the scanner bore size needs to be large enough so that the cutoff 

frequency of the desired mode is below the Larmor frequency [11]. Otherwise, 

electromagnetic waves are evanescent, not traveling. Because the bore size of regular 

human scanners is barely large enough to support traveling waves at 7T [11], this type of 

structure is not suitable for clinical MRI. Tang et al. [15] reported that the TEM mode of 

a coaxial cable was applied in order to avoid the cutoff frequency issue. However, the 

requirement of a center conductor makes human imaging difficult. Zhang et al. [16] 

developed a surface transmitter using the TEM mode supported by two closely spaced 

conductors; Pan and Zhang later developed a volume transmitter for parallel transmission 

using an array of such coils [17]. In this study, feasibility of using a different traveling 

wave structure (i.e., parallel-plate waveguide) for MRI was investigated. A parallel-plate 

waveguide is a transmission line that consists of two conductors with appropriate 

terminations that match its wave impedance. Just like coaxial cables, its wave impedance 

is frequency-independent. The use of transmission lines as broadband antennas can be 

dated back to the 1930s [18]. This technique enjoyed a long history of success due to its 
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simplicity and, more importantly, its effectiveness. As will be demonstrated, much of 

these advantages can be retained in MRI. A transmitter as simple and compact as two 

actively driven parallel conducting plates can provide broadband RF excitations. It should 

be noted that the proposed method is fundamentally different from the one proposed by 

Vazquez et al. [19], which applied a birdcage coil and two floating parallel conductors. 

By leaving both ends of the floating conductors open-circuited, a narrowband 

transmission line resonator rather than a broadband waveguide is formed [20]. 

3.2. Broadband Volume Transmitter Design 

 

The electromagnetic field between two parallel plates can be expressed as the 

combination of different modes, which are not necessarily uniform except for the TEM 

mode (Figure 3.1) [20]. To be useful in MRI, non-TEM (or higher-order) modes need to 

be suppressed. According to electromagnetic theories, higher-order modes can be 

classified as    
 and    

  modes, where superscript   represents wave propagation 

direction, which is also the direction of    field (Figure 3.1), and subscript n is the mode 

index. For    
  modes, there exists a non-zero magnetic field component [20] 

                  
   

 
                                       (3.1) 

where    is the mode amplitude,   is the distance between the plates,   

     is the angular wavenumber, and         is the cutoff wavenumber. By 

Ampere’s law, currents flowing on the two plates are in the same direction (common 

mode) when n is odd, and in opposite directions (differential mode) when n is even. For 

   
  modes, there exists a non-zero electric field component 

                  
   

 
                                     (3.2) 
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where    is the mode amplitude. A virtual ground exists in the middle of the two 

plates only if n is even, which corresponds to differential modes. Thus, both    
 and 

   
  are differential when n is even. Because the TEM mode is differential, in theory 

only higher order differential modes can be simultaneously excited when the TEM mode 

is intended. In practice, balanced feeding structures are preferred in order to suppress 

common modes. 

The suppression of higher order modes can be further suppressed by impedance 

mismatch. For the TEM mode, its frequency-independent wave impedance is  

      
 

 
                                                              

where        is the characteristic impedance and w is the width of the parallel 

plate. For    
  mode, its wave impedance is  

         
  
 
 
 

                                                  

For    
  mode, its wave impedance is 

    
 

    
  
 
  
                                                     

In both cases, the wave impedances are frequency-dependent. If the distance-to-

width ratio is close to unity, the wave impedances of both    
 and    

  modes will be 

substantially different from that of the TEM mode. For an impedance matching network 

designed to match cable impedance to that of the TEM mode, higher-order modes are 

rejected due to impedance mismatch. 
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Equation (2.3) further indicates that the TEM mode is broadband in nature since it 

does not have a size-related cutoff or resonant frequency. Its impedance is determined by 

the dielectric property of the medium between the plates and the distance-to-width ratio, 

not the actual size. Thus, the effect of loading to the wave impedance can be 

approximated by using an effective permittivity [20]. Because the human body does not 

have a regular shape, numerical simulations can be used for more accurate prediction of 

the wave impedance. 

 

Figure 3.1: Electromagnetic field distribution of the TEM mode of a parallel-plate waveguide. 
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3.3.  Numerical Simulation 

 

To achieve optimal transmit efficiency (minimize reflection coefficient), the 

parallel plate waveguide and its impedance matching tapered transmission lines were 

modeled in EM simulation platform of FEKO (EMSS S.A. Pty Ltd, Stellenbosch, South 

Africa) as shown in Figure 3.2 for numerical simulations. The width and length of the 

waveguide were 7cm and 20cm respectively. A cylinder with diameter of 9.2 cm filled 

with dielectric (permeability=56, conductivity=0.657) was used as phantom to mimic the 

loading of the human forehand. The load impedances at all four ports were set as 

identical and optimized through simulation. Figure 3.3 shows the curve of the load 

impedance versus reflection coefficient. Best transmit efficiency of the parallel plate 

waveguide could be achieved when the load impedance equals to 210 ohm. 

 

 

Figure 3.2: Simulation model for linear PPW coil. 
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Figure 3.3: The optimization results of reflection coefficient versus the input impedance for the 

PPW coil with and without phantom loading. 

 

Obtained the optimal characteristic impedance of the parallel plate waveguide, the 

reflection coefficient was simulated over a wide frequency band to prove the broadband 

functionality of the PPW coil. As shown in Figure 3.4, the S11 simulated from 50 to 350 

MHz was below -10 dB which is a reasonable value for transmitting without severe 

power reflection. 
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Figure 3.4: Simulated reflection coefficient of the PPW coil over the frequency band from 

50MHz to 350MHz. 

 

At two frequencies of interest 120.3MHz and 297.2 MHz, the current distributions 

and H-field distributions in sagittal plane within the cylinder phantom were simulated as 

shown in Figure 3.5 and Figure 3.6. At higher frequency (297.2MHz), the nonuniformity 

of the magnetic field was observed due to that the dielectric resonance effect is getting 

worse (Figure 3.6 b).). 
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Figure 3.5: Simulated current distribution on the PPW coil at a).120.3MHz and b).297.2 MHz. 
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Figure 3.6: Simulated electromagnetic field of the PPW coil in sagittal plane at a). 120.3MHz and 

b). 297.2MHz. 
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3.4. Transmit Coil Fabrication 

3.4.1. Transmit Coil Matching 

 

A coil suitable for imaging the human forearm was constructed in the above 

manner. Copper foils (3M, Saint Paul, Minnesota, USA) 7 cm wide and 20 cm long were 

laid on the outside of an acrylic tube (McMaster-Carr, Elmhurst, Illinois, USA) with a 

10.8-cm outer diameter. The corresponding distance-to-width ratio of the parallel-plate 

waveguide was 1.54. Each copper foil was split at the ends and tapered down to form a 1-

cm gap as shown in Figure 3.7. The entire coil structure does not have any reactive 

components for tuning. 

 

 

Figure 3.7: Prototype parallel-plate waveguide. The balanced Chebyshev impedance matching 

circuits are mounted across the gaps. 
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To match the PPW coil input impedance to 50-ohm characteristic impedance over 

a wide frequency band from 100MHz to 300MHz, a broadband matching network with 

Chebyshev frequency response was designed, fabricated and connected across each gap 

of the built PPW coil. It was implemented symmetrically for common-mode suppression 

(Figure 3.9). The matching network was designed using ADS broadband matching design 

toolbox and optimized based on reflection coefficient. 

 

 

 

Figure 3.8: Simulation schematic and result of the broadband matching network with Chebyshev 

frequency response. 
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Figure 3.9: Schematic of the balanced broadband matching network and measured reflection 

coefficient at 120.3MHz and 297.2MHz. 

 

With the PPW coil matched to 50-ohm in wideband, a broadband Wilkinson 

power divider described in the front-end circuit section was applied to one end of the 

PPW coil to split the RF input equally and in-phase. Its outputs were connected to the 

Chebyshev matching networks. At the other end of the waveguide, a broadband 

Wilkinson power combiner was used to combine the RF energy flowing out of the 

waveguide and feed it back to the input by using a third Wilkinson power combiner to 

form a re-entrant scheme. 
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To determine the system loss which includes coil loss, phantom loss, and loss in 

the matching circuits and Wilkinson power divider/combiner, the total insertion loss over 

the frequency band from 100 MHz to 320 MHz was measured using following coil 

setting-up as shown in Figure 3.10. According to the measurement results, the total loss 

of the coil and broadband Wilkinson power divider/combiner was -1.63 dB and -7.17 dB 

at 120.3MHz and 297.2MHz respectively. These insertion losses will be used for 

calculating the loss of the RF front-end circuits in the following section. 

 

Figure 3.10: Schematic representation of the reflection and insertion loss measurement of the 

PPW coil. When the reflection coefficient was measured, port 2 was terminated with 50 ohm and 

port was connected to network analyzer. 
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Figure 3.11: Measured reflection coefficient of the PPW coil with broadband matching networks 

and Wilkinson power divider/combiner connected. 

 

 

Figure 3.12: Measured insertion loss of the PPW coil with broadband matching networks and 

Wilkinson power divider/combiner connected. 
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3.4.2. Front-end Circuits 

 

 

Figure 3.13: Schematic of the front-end circuits of the linear PPW coil. 

 

Incorporated with the parallel plate waveguide coil, radio frequency front-end 

circuits were designed and fabricated for both proton (1H) and phosphorous (31P) 

respectively. Broadband Wilkinson power divider and combiner were positioned at both 

feeding and terminating points of the PPW coil. T/R switches controlled by the PIN diode 

signal obtained from the scanner system were employed to realize reliable switching 

between transmit and receive. The isolation between transmit and receive was carefully 

tuned to protect preamplifier from high transmit power. At transmit side, due to the 

attenuation of the PPW at different frequency, Wilkinson power dividers with different 

power ratio discussed in Chapter 2 were used to combine the input power with the re-

entrant power to prevent power dissipation on the isolation resistors of the Wilkinson 

power dividers. Phase shifters were inserted into the transmit path to make the re-entrant 

power is in-phase with input power so that the maximum transmit efficiency could be 

achieved. To combine 1H and 31P signals, diplexers with low attenuation and good 
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isolation were designed by taking advantage of band-stop filters. At receive side, phase 

shifters were used to adjust the total phase delay of the receive path in order to make the 

parallel plate waveguide work as open ended resonator, and the signal generated was 

detected by the high-input impedance low noise preamplifier designed specifically at 

120.3 MHz and 297.2 MHz .  

The design of all front-end circuit was facilitated by using ADS as discussed in 

Chapter 2. All capacitors were from the ATC-100B series (American Technical 

Ceramics, Huntington Station, New York, USA). The inductance was implemented by 

164-series and 165-series tunable inductors (Coilcraft, Cary, Illinois, USA). Two types of 

PIN diode, i.e., UM9415B (Microsemi, Aliso Viejo, California, USA) and MA4P7470- 

1072T (M/A-COM, Lowell, Massachusetts, USA), were applied for transmit/receive 

(T/R) switches. Bench measurements were performed by using an Agilent E-5061A 

network analyzer (Agilent Technologies). A 1.25-L phantom, which was a 20-cm-high 

and 8-cm-wide bottle filled with 55 mM NaCl and 100 mL phosphate, was prepared for 

bench measurement and phantom imaging. 

3.4.3. Power Re-entrant 

 

If the parallel plate waveguide is simply terminated with a load resistance which 

matched to the characteristic impedance of the waveguide, half of the input power will be 

dissipated on the load. To improve the transmit efficiency, a feedback system firstly 

proposed for travelling wave antenna was employed in the parallel plate waveguide 

design [30]. In this feedback system, the power dissipated on the load is re-circulated 

back to the system input terminal with a transmission line with an electrical length which 
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guarantees the re-enter power is in phase with the system input as shown in the front-end 

schematic (Figure 3.13). To make sure that the re-enter power and input power were in 

phase and optimal transmit efficiency was achieved, following measurements on bench 

top were performed. 

3.4.4.  Transmit Coil Bench-testing 

 

During the bench top testing procedure of the PPW coil, the total phase delays of 

the power re-entrant path at both frequencies for 1H and 31P was measured. To guarantee 

that the feed-back power is in phase with the input power, the phase delay should be 

adjusted to an integer number of 360 degree. Also, in order to compare the intrinsic 

transmit efficiency of the PPW coil designed with that of the Birdcage coil with the same 

dimensions, the additional power loss brought in by the front-end circuit of the PPW coil 

aforementioned need to be measured and calibrated during the later transmit efficiency 

calculation. Therefore, in the bench-testing, the power loss of the front-end circuits 

includes T/R switch, unequal Wilkinson power divider and diplexers were calculated 

through subtracting the total insertion loss measured by the power loss of the PPW coil 

measured in section 3.4.1. The schematic presentation of the PPW coil bench testing 

setting-up at 297.2MHz is shown in Figure 3.14. The port for feed-back power 

connection was terminated by 50 ohm load during the measurements. 
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Figure 3.14: Bench-testing setting-up for the re-entrant power phase compensation and total 

insertion loss measurement for 1H transmit channel. 
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Figure 3.15: Measured phase delay of the re-entrant power path and total insertion loss which 

includes PPW coil and front-end circuits of 1H transmit channel. 

 

As shown in Figure 3.15, the phase delay of the re-entrant power path was 

measured as -359 degree and the insertion loss of the 1H front-end circuits can be 

calculated as 

                                                     

                                         

 

Same measurement procedure was repeated for the 31P channel (120.3MHz), the 

measurement schematic and results are shown in Figure 3.16 and Figure 3.17. 
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Figure 3.16: Bench-testing setting-up for the re-entrant power phase compensation and total 

insertion loss measurement for 31P transmit channel. 

 

Figure 3.17: Measured phase delay of the re-entrant power path and total insertion loss which 

includes PPW coil and front-end circuits of 31P transmit channel. 
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The phase delay of the re-entrant power path was measured as -360 degree and 

the insertion loss of the 31P front-end circuits can be calculated as 

 

                                                     

                                 

 

Then the feed-back power was connected to the unequal Wilkinson power 

combiners at both frequencies with compensated phase delay. To prevent B1 field 

inhomogeneity and signal drop-off caused by the coil fabrication defects. The PPW coil 

was connected to the front-end circuits fabricated and the electromagnetic field 

distribution within the PPW coil was detected using a single probe. Due to the nature of 

the TEM wave, the magnetic field generated was uniform and no abrupt change in probe 

picked-up signal was observed at both working frequencies. Also because of that the 

feed-back path was only compensated to in phase with input power at single frequency to 

optimize the transmit efficiency, a local signal peak was observed at the target frequency 

as shown in Figure 3.18 and Figure 3.19 which proves that the power feed-backs were 

connected correctly.  
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Figure 3.18: a) Bench-testing setting-up for the transmit field homogeneity verification for 1H 

transmit channel. b) Signal detected by single probe. 
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Figure 3.19: a) Bench-testing setting-up for the transmit field homogeneity verification for 31P 

transmit channel. b) Signal detected by single probe. 
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3.4.5.  Receiver Design 

 

Signal reception follows the principle of open-circuited transmission-line 

resonator [20]. It is preferred to sense the induced voltage rather than the current for 

better signal-to-noise ratio (SNR) [26]. This was achieved by adjusting the total electrical 

length of an open-circuited transmission line to be equal to multiples of half wavelength, 

and connecting one end of the open-circuited waveguide to a low-noise preamplifier 

(LNA) with a high input impedance [26]. In Figure 3.11, the rightmost PIN diode is 

switched off during signal reception, which creates one open end of the transmission line. 

At each frequency, the phase measured between the PIN diode and the input of the LNA 

through the Wilkinson power dividers/combiners, the parallel-plate waveguide, the 

diplexers, and the T/R switches were adjusted to be equal to multiples of 180 degree. The 

high-impedance LNAs were implemented by using an ATF-54143 for the first stage and 

a BFP-720 for the second stage at 120.3 and 297.2 MHz, respectively as discussed in 

Chapter 2.  
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3.5. MRI Measurements 

3.5.1. 1H Images and 31P Spectroscopy 

 

7T MRI scans was performed on a Siemens MAGNETOM scanner (Siemens 

Medical Systems, Erlangen, Germany) at Auburn University. A proton   
  map in the 

saline phantom was firstly acquired by using Siemens’ product sequence based on the 

double-angle method. The scan parameters were as follows: pulse repetition time    

       ; echo time          ; field of view                ; 

and                    . The turbo spin echo (TSE) image of the same phantom 

(Figure 3.21) was also acquired using the following parameters:          ;   

     ;              ;                     ; and one average.  

 

Figure 3.20: PPW coil connected with front-end circuit board for imaging experiments. 
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Figure 3.21: a). Measured   
  map and b). TSE image of the phantom in transverse plane. 

 

The TSE image of the human forearm was acquired by using the same parameters 

but a slightly shorter 83-ms TE. For comparison, the gradient echo (GRE) image of the 

forearm was acquired (Figure 3.23) using the following parameters:          ; 

       ;               ;                     ; and one average. 

 

Figure 3.22: Scanning experiments setting-up for human forearm imaging. 
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Figure 3.23: TSE (a, c) and GRE (b, d) images of the forearm measured at 7T. 

 

Phosphorous spectroscopy of both buffer solution and human forearm were 

obtained using a Siemens’ product chemical shift imaging (CSI) sequence. The scan 

parameters were as follows:            ;          ;                ; 

                       ; and 16 averages. The metabolite PCr, γ-ATP and β-ATP 

were detected in each voxel of the CSI sequence grid measured on forearm as shown in 

Figure 3.24 a). 
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Figure 3.24: P31 spectroscopy obtained using CSI sequence on a). Human forearm and b). 

phantom. 
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3.5.2. Transmit Efficiency Comparison with Birdcage Coil 

 

For transmit efficiency comparison purposes, an eight-rung unshielded linear 

high-pass birdcage coil was constructed by taping a 3/8-inch-wide copper foil on an 

acrylic cylinder with a 10.8-cm outer diameter, which was the same as the parallel-plate 

waveguide. The length of the birdcage was also the same as the parallel-plate waveguide. 

It was tuned and matched to 297.2 MHz with the saline phantom by using 2.3 pF 

capacitors. The proton transmit efficiency was measured with the 1.25-L phantom by 

using a free induction decay sequence with a 1-ms rectangular pulse, 1500-ms TR, and 

1.1-ms TE. The RF power was increased incrementally until maximum signal intensity 

was detected. The finest voltage resolution was 2 V (peak RF voltage reading from 

scanner). The same procedure was repeated for the unshielded linear birdcage coil with a 

dedicated proton interface box that consists of a T/R switch and a low-impedance LNA. 

The measured proton transmit efficiency is shown in Figure 3.25 a). Maximum signal 

intensity was observed with a peak RF voltage of 76 V and 65 V (scanner reading) for the 

parallel-plate waveguide and birdcage coil, respectively. Considering the loss of the 

front-end circuit and coil mismatch, the maximum signal appeared at 57 V for both coils 

(Figure 3.25 b)). 
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Figure 3.25: Directly measured (a) and calibrated (b) transmit efficiency of the PPW and birdcage 

coil loaded with the saline water phantom. 
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3.6. Conclusion 

 

In this study parallel-plate waveguide for broadband MRI was introduced. Its 

design principle and hardware implementation were discussed. 7T proton images and 31P 

CSI results acquired using the same coil demonstrate its feasibility. Compared with 

resonant coils, the proposed coil is broadband in nature and relatively easier to construct. 

No reactive components are required for tuning. As a result, its performance is more 

stable with respect to loading conditions. 
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4. Quadrature Parallel-Plate Waveguide for Larger Volume 

Transmission in MRI 
 

4.1. Introduction 

 

The biggest disadvantage of the traditional RF transmitting coils for MRI 

application is their narrow frequency band which makes the transmit coil need to be re-

tuned carefully for different loadings so that optimal transmit efficiency can be achieved 

which is time-consuming and impractical. To prevent this tedious tuning procedure, a 

broadband transmission structure can be employed. In the previous section, a parallel 

plate waveguide (PPW) was used to generate a volume transmission for MRI with low 

sensitivity to loading change and homogenous magnetic field generation [84]. Using the 

PPW structure for volume transmission has following advantages. First, since the TEM 

characteristic impedance of the waveguide is only a function of its distance to width ratio 

and the relative permeability of the substrate filled and frequency independent [20], the 

PPW transmit coil is insensitive to the different loading unless the filling factor and 

loading material changed dramatically. Secondly, due to the nature of the TEM wave 

generated within the PPW, a homogeneous magnetic field can be obtained which is ideal 

for MRI volume transmission. Also, the broadband feature of the PPW can be employed 

for multi-nuclei excitation. The feasibility of using same PPW transmit coil for acquiring 

both proton image and P31 spectrum signal has been demonstrated in Chapter 3. 

However, the dimensions of the aforementioned PPW transmit coil cannot meet 

the requirements of some large volume MRI study which targets at human brain, leg or 

torso [12, 14, 17]. Therefore, in this chapter the possibility of using PPW for larger 
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volume transmission which has a wider MRI application range is investigated. However, 

the large size of the waveguide employed will lead to much higher power dissipation on 

waveguide structure and radiation into free space which will result in lower transmit 

efficiency. To compensate for the power loss due to the increase in coil size, a  

quadrature structure with two sets of PPW positioned in perpendicular was employed to 

improve the transmit efficiency. Incorporated with the transmit coil, a four-channel 

clover shape coil array was designed and fabricated for receiving purpose. Both linear 

and quadrature structures were measured and the results were compared to demonstrate 

the increase in transmit efficiency at 3T scanner platform. 

4.2. Numerical Simulation 

 

Similar to traditional MRI RF coils, when one puts two sets of PPW coils in close 

proximity, both magnetic and capacitive coupling between them need to be taken into 

consideration during the coil design and fabrication process to avoid performance 

deterioration. According to the theory of the PPW, if TEM waves were generated, the 

magnetic field within two sets of PPW are perpendicular to each other as shown in Figure 

4.1 in which H fields generated by two PPWs are illustrated. In this manner, the magnetic 

coupling between two PPW coils is much less that of the some conventional RF coils 

such as Birdcage coil and surface array coil, so that no specific magnetic decoupling 

method needs to be applied during the coil modeling. 
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Figure 4.1 Illustration of the H-field generated within the quadrature PPW coils. 

 

Unfortunately, the capacitive coupling of this coil is much severe than the 

magnetic coupling and canceling the capacitive coupling is a more challenging goal to 

achieve. During the coil fabrication, in order to transform the characteristic impedance of 

the PPW to the system 50 ohm impedance, two split tapered transmission lines were used 

at each side of the coil. But this matching technique makes the overlap between two PPW 

coils unavoidable and introduces unwanted capacitive coupling. If observe from the 

feeding point, these capacitances generated by the copper foil overlapping are in parallel 

with the input impedance of the PPW coil in schematic. If the reactance of the coupling 

capacitance at the Lamor frequency is comparable to the coil input impedance, the 

current flow will be divided between coil and coupling capacitors and will affect the coil 

performance negatively. The solution to this problem is to lower the coupling capacitance 

value by reducing the overlapped area of the copper foil. To fulfill this purpose, several 

decoupling strategies were adopted in the geometry design of the PPW coils. Firstly, the 

length of the outer transmission line coil was increased by 4 cm at both sides so that the 

feed points of the outer coil can be kept away from the inner coil. Secondly, since the 
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capacitance value is proportional to the size of the overlap area, cutouts were added at the 

overlap region of the copper foils to decrease capacitive coupling between two PPW coils 

as shown in Figure 4.2. 

 

                                                                           
 

Figure 4.2 Front view of Quadrature PPW coils models a) without cutouts, b) with cutouts. 

 

 

Figure 4.3 The comparison of imaginary part of the input impedance of inner coil (without 

loading) between three circumstances a). single inner coil, b) inner and outer coils with no 

decoupling strategies, c) inner and outer coils with decoupling strategies. 
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Since the current is mainly distributed at the edge of the waveguide structure, the 

cutouts added at the middle part of the copper foil won’t affect the current flow on the 

waveguide surface. To determine the specific positions and dimensions of the cutouts, 

numerical simulations were performed on FEKO and evaluated the effectiveness of the 

capacitive coupling. Theoretically, if a PPW is working in TEM mode, its characteristic 

impedance will be a real number. But with another PPW coil positioned closely, the 

capacitive coupling will introduce imaginary part to the measured input impedance and 

can be observed from the simulated load impedance of the PPW coil. During the 

simulation process, the location and size of the cutouts were adjusted carefully until the 

imaginary part within the input impedance was close to that of an isolated coil as shown 

in Figure 4.3.  

To further examine the effect of the cutouts have on capacitive coupling, the 

current distributions on a single PPW coil with and without the existence of the other 

PPW coil were compared. With proper decoupling methods employed, no obvious 

change of current flows was observed between these two different scenarios as shown in 

Figure 4.4.  
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Figure 4.4: Current distribution on single inner PPW coil a).without outer PPW coil. b). Current 

distribution on inner PPW coil with outer PPW coil terminated with load impedance. 

 

After deciding the decoupling strategies, the input impedances of the two sets of 

PPW coils were simulated. All the input impedances at four ports of the two sets of PPW 

coils were treated as identical due to the symmetry of the PPW coils and optimized 

through numerical simulation to minimize the power reflected so that no standing wave 

will be generated within the waveguide structure. The simulated input impedances at the 

input ports were used in the later broadband matching network design. Figure 4.5 shows 

the simulated optimal load impedances of the quadrature PPW coils.  To mimic the 

loading of human leg, a cylinder filled with material (            ) was involved 

in the simulation.  
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Figure 4.5: The optimization results of reflection coefficient versus the load impedance for the 

PPW coils. 

 

For volume transmit coil, the   
  field homogeneity is of the most importance 

during the design process to prevent non-uniformity within the target region. To test the 

field homogeneity, a quadrature excitation (same magnitude, 90 degree phase difference) 

was applied to the PPW coils in the simulation, and the   
  fields of three planes were 

obtained by processing the obtained H-field distribution using equation (4.1) 
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Figure 4.6:   
  field distributions of the quadrature PPW coils in a). Transverse plane.                   

b). Sagittal plane. c). Coronal plane. 

 

 



92 
 
 

4.3. Transmit Coil Fabrication 

 

With numerical simulation finished, the PPW coils were implemented with 

adhesive backed copper foil (3M, St Paul, MN, USA) mounted onto the inner and outer 

surface of a fiber glass tube. The length and diameter of the inner PPW coil are 30 cm 

and 26.035 cm. The length and diameter of the outer PPW coil are 38 cm and 26.67 cm. 

All these dimensions were chosen as suitable for human leg imaging application. 

Furthermore, to diminish the eddy current introduced, several slots were also cut on the 

surface of both PPW coils and 1nF capacitors were soldered across these slots.  

Since both the PPWs and the tapered line transformers are wideband, a broadband 

matching network which transforms impedance of the transmission line coil at all four 

ports to 50 ohm system impedance was designed to make the whole transmit structure 

functional within a wide range of frequency. The benefit of this technique is that the 

detuning of the transmit coil caused by the shift of the resonant frequency when different 

loading were applied can be avoided. To fulfill the requirement of broadband matching, 

same band-pass Chebyshev impedance matching network used in the linear PPW coil 

were designed and fabricated specifically for both inner and outer transmission line 

according to their load impedances. The center frequency of the Chebyshev impedance 

transformer was set as 123.2MHz and the passband edge-to-edge width was approximate 

100 MHz. A 10-th order impedance transformer was employed to flat the passband so 

that perfect impedance matching can be realized within the whole 100MHz frequency 

band and the reflection loss can be reduced to the largest extent. This broadband 

matching network with Chebyshev frequency response was designed and optimized in 

ADS filter design guide (ADS 2011.10; Agilent Technologies). In fabrication, fixed high-
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Q ATC-100B capacitors (American Technical Ceramics, Huntington Station, NY) were 

used to reduce the insertion loss of the matching network. Through numerical simulation, 

the impedances at the feeding points for inner and outer PPW coils were determined as 

260 ohm and 280 ohm. When terminated with these impedances, the simulated reflection 

coefficients for both PPW coils were below -25dB at 123.2 MHz. To match the PPW 

coils to the system 50 ohm characteristic impedance, following broadband Chebyshev 

matching circuits were employed. Figure 4.7 (a) and 4.7 (b) show the schematic circuits 

and component values of the matching networks. And in order to suppress higher-order 

modes of the waveguides, the matching networks were last transformed to balanced form. 

The measured reflection coefficients are below -20 dB over an approximate 100 MHz 

frequency range as shown in Figure 4.7 (c) and 4.7 (d). 

 

 

Figure 4.7: Schematic of the Chebyshev matching network of (a) the outer PPW coil and (b) the 

inner PPW coil. Reflection coefficient measured for (c) outer PPW coil’s matching network and 

(d) inner PPW coil’s matching network. 
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To connect the transmission line coils to the system interface, a equally split 

Wilkinson power divider with center frequency of 123.2MHz was used at the driving end 

of the PPW coils which splits the system input power equally in both magnitude and 

phase and feeds into the coils. At the terminating end, a same Wilkinson power divider 

was added to combine the power of two output ports. To re-use the RF power flowing out 

of the PPW coils, the RF power at termination side was connected back to the driving 

side and combined with the system input power using a third Wilkinson power combiner. 

To realize the maximum transmit power usage, the phase of the re-circulate power was 

compensated to in-phase with the input power to prevent any power cancellation due to 

the phase difference. All Wilkinson power divider and combiner circuits were 

implemented with ATC-100B capacitors and the 164-series and 165-series tunable 

inductors (Coilcraft, Cary, IL). Since this coil was designed for 3T testing purpose, 

conventional narrow-band 1:1 Wilkinson power divider working at 123.2 MHz was used 

as power splitter and combiner. The power dividing ratio was -3.2 dB for both two output 

ports and the phase difference was   . 
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4.4. Bench-testing 

 

A head phantom filled with saline water of              was used as the 

loading in the bench testing procedure of both quadrature PPW coils and receive array to 

mimic the loading of human head. The reflection coefficient was measured for both inner 

and outer PPW coils. With the existence of the loading, the measured S11 for both coils 

were bellow -17dB as shown in Figure 4.9 (b) and Figure 4.9 (d), which represents only 

about 2 percent of the transmit power will be reflected back to the system. Under the 

circumstance of totally no loading inside the coil, the S11 measured for both PPW coils 

were still below -15dB (Figure 4.9 (a) and Figure 4.9 (c)) which demonstrates that the 

quadrature PPW coils are quite insensitive to the change in loading. The frequency span 

for the measurement of reflection coefficient was 60MHz and the measured reflection 

coefficients included the PPW structure, Chebyshev matching networks and the 

Wilkinson splitter/combiner as shown in Figure 4.8.  

 

Figure 4.8: Bench-testing setting-up for the reflection coefficient measurement for both inner and 

outer PPW coils. 

50 Ohm 
termination 

S11 
measurement 
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Figure 4.9: Bench measured reflection coefficient of inner PPW coil (a) without phantom and (b) 

with phantom. Bench measured reflection coefficient of outer PPW coil (c) without phantom and 

(d) with phantom. 

 

Similar to the linear PPW transmit coil, power feedback was added to the design 

to achieve optimal transmit efficiency. The phase difference between transmit power and 

feedback power was compensated to integer number of 360 degree during bench-testing. 

To measure the total phase delay of the feed-back power path, the port of the Wilkinson 

combiner for the re-entrant power connection was terminated by 50 ohm, and the phase 

delay of the feedback power path was measured using network analyzer as shown in 

Figure. 4.10.  
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Figure 4.10: Bench-testing setting-up for the phase delay measurement of the PPW coils. 

 

 

Figure 4.11: Bench measured phase delay of the power re-entrant path of the inner PPW coil.  
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The phase delay of the re-entrant power was adjusted to integer number of 360 

by adjusting the length of the coaxial cable as shown in Figure. 4.11. The total power 

loss which includes PPW coil’s loss, radiation loss, phantom loss, cable loss and front-

end circuits’ attenuation is -2.64 dB at 123.2MHz.  Same measurements were 

performed on the outer PPW coil and the results are shown in Figure. 4.12. The power 

loss for the outer PPW coil is approximate -2.44 dB. 

 

 

Figure 4.12: Bench measured phase delay of the power re-entrant path of the outer PPW coil. 
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Before performing the experiments on scanner, the transmit efficiency of both 

inner and outer PPW transmit coils was also tested qualitatively using a single loop probe 

with following experiment setting-ups as shown in Figure 4.13. The input of the PPW 

coils was connected to the port 1 of the network analyzer for excitation, and the single 

probe was connected to port 2 to detect the electromagnetic fields inside the PPW coils. 

The signal was detected for both inner and outer PPW coils with probe positioned in the 

plane which is perpendicular to the corresponding electromagnetic fields. Since the probe 

gain is proportional to the transmit efficiency which is    
     , the homogeneity of the 

  
  field generated can be tested by the sliding the probe within the PPW coil with the 

probe plane kept perpendicular to the electromagnetic fields and observing the strength of 

the detected probe signal. As shown in Figure 4.13 (b) and Figure 4.14 (b), the detected 

signal levels of inner and outer PPW coils are identical in both magnitude and phase 

which demonstrate the consistency between the PPW coils fabricated and guarantee that 

the quadrature excitation can be achieved and reduce the power consumption to half 

approximately. 
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Figure 4.13: Bench measurement of the transmit efficiency of inner PPW coil at  the coil center   

a) Measurement setting-up b) Signal level detected. 
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Figure 4.14: Bench measurement of the transmit efficiency of outer PPW coil at the coil center    

a) Measurement setting-up b) Signal level detected. 
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4.5. Receive-only Array Design 

 

Because that the quadrature PPW coils cover a much larger volume, it’s 

inappropriate to use them as receiver again as what has been done for the small size linear 

PPW coil. Otherwise, the SNR of the obtained image would be extremely low. Therefore, 

a de-tunable four channel receive-only array was designed and fabricated to increase 

local SNR and prove the feasibility of using the quadrature PPW coils for homogeneous 

transmit field generation. Since the transmission line coils were built on a cylindrical 

tube, to realize an optimal SNR and field coverage, a conformal structure was also 

employed for the receive array so that it could be closely fit to both PPW coils and 

scanning subjects. The receive array was located about 1 cm away from the transmit coil 

and about 2 cm from the human tissue for patient safety. To eliminate the mutual 

coupling between all the receive elements, two decoupling strategies were employed for 

the receive array. For the head-to-head two elements, capacitance decoupling was used. 

The decoupling was realized through adjusting the capacitor values on the shared edge of 

the two receive elements. For neighboring two elements, decoupling was accomplished 

by changing the size of the overlap area. All above decoupling steps were performed 

firstly in numerical simulation to provide a reasonable starting point for later receive 

array fabrication.  
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4.5.1. Numerical Simulations 

 

Numerical simulations were performed to determine the capacitors’ values for 

tuning and size of the overlap area for the decoupling. In the real experiments, the receive 

array would be working in the quadrature PPW coils. Therefore, the matched PPW coils 

were also involved in all the simulations to mimic the working condition of the receive 

array and increase the simulation accuracy. A single receive element was firstly tuned to 

123.2 MHz (3T) by carefully adjusting the value of the tuning capacitor as shown in 

Figure 4.15. 

 

Figure 4.15.: Schematic of the receive element in the 4-ch receive array. 
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Figure 4.16.: Top and front views of the model of the receiver array positioned in the quadrature 

PPW coils.  
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Then the tuned head-to-head coil was added into the simulation. The decoupling 

capacitors on the shared edge were carefully tuned to achieve capacitive decoupling. 

However, after changing the values of the decoupling capacitors, the tuning frequencies 

of these two elements would shift away from 123.2 MHz and it’s necessary to re-tune the 

coil elements by changing the values of the tuning capacitors. After repeating above 

procedure for several times, the two head-to-head receiving elements were completely 

decoupled. Same decoupling process was performed for each pair of neighboring 

elements. The size of the overlapped area was finely adjusted until fully overlap 

decoupling was accomplished. 

To prove the decoupling effect, each of the four receive elements were excited 

separately in simulation, and the induced current on all other three elements were 

examined as shown in Figure 4.17. With any one of the receive elements excited, the 

induced currents on the other three coil elements are controlled to an extremely low level 

which proves the effectiveness of the decoupling strategies employed. 
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Figure 4.17.: Current distributions on all receive elements with four elements excited separately. 

 

Then the receiving profiles of each receive element at sagittal plane were obtained 

on a human head phantom filled with dielectric material (permeability= 56 and 

conductivity = 0.657) and plotted using Matlab as shown in Figure 4.18. 
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Figure 4.18: Receiving coil profile simulation model (The outer PPW coils is hidden to show the 

receice array) and simulated profile of four receive elements in sagittal plane. 

 

After numerical simulations, the coil and shield frames were designed for 

convenience in system interfacing and mechanical robustness during the MR scanning.  

The coil layout was directly subtracted from the coil frame and slots were left on the 

frame so that the coil layout which had best simulation results could be precisely 

transferred to the fabrication. Then the designed model were imported to AutoCAD for 

further adjustments on dimensions and exported as .stl file for 3D printing. AWG # 16 

copper wire was used to build the receive array, and 9 fixed value capacitors (American 

Technical Ceramics Co., Ltd.) were soldered onto each receive element for tuning it to 

123.2MHz. . To detune the receive array during transmitting, a PIN diode (MA4P7470-

1072T, Macom, Lowell, MA) was connected in shunt of the matching board of each 

receive element. 

 



108 
 
 

4.5.2. Q-factor Measurement 

 

For receive-only coil, the Q-factor is always used as a gauge of whether it is 

properly designed. The Q-factor ratio can tell which noise dominates, coil noise or 

phantom noise. If the coil noise contributes much more, the RF coil needs to be re-

designed such as reduce soldering points and use high-Q components (capacitors and 

inductors) in order to decrease the coil loss. The quality factor Q is defined as the ratio of 

the peak magnetic energy stored by the coil divided by the average energy dissipated per 

radian by the coil. Equivalently, it can be seen as the ratio of the reactive impedance 

divided by the resistive impedance.          . In bench-testing, Q can be measured as 

              is the frequency at the peak, and     is the full width at half maximum 

(FWHM) 

To ensure the high receive sensitivity of the receive elements,         and 

          are measured using double-probe for an isolated coil in the receive-array and 

       is calculated using Equation (4.2).  

       
       
         

 
     

      
                                            

The calculated        is 24.74% which shows that the phantom noise dominates. 
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Figure 4.19.: Measured unloaded Q and loaded Q of single isolated receive coil. 

 

4.5.3. Detune Circuit 

 

Due to the large RF power transmitted by the transmit coil, if receive coils are still 

actively resonating during the RF transmit portion of the pulse sequence, the power from 

the transmit coil could be coupled into the body through a resonating receiver loop and 

could potentially deposit large amounts of power in the patient. To maintain patient 

safety and to protect the sensitive receiver equipment, the receive coils are typically 

detuned during the transmit phase of the MR pulse sequence. Both passive and active 

detuning circuits can be used to fulfill this task. 

In this study, a PIN diode active detune circuit was used. A PIN diode was shunt 

connected at the input side of the pi matching network and biased by the Pin diode signal 

in the scanner system. When the transmit coil is on, the PIN diode will be forward biased 

and exhibit a short in RF. Through the quarter-wavelength transformation, high 

impedance was introduced at the input of the coil so that the coupled power in the receive 

coil can be greatly reduced.  
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In bench-testing, the matched coil was terminated by 50 ohm using coaxial cable 

to simulate the working condition in the scanner. A decoupled double probe was placed 

closely to the RF coil and connected to the network analyzer following the setting-up 

shown in Figure 4.20.  

 

Figure 4.20: Bench measurement setting-up for the detune circuit using decoupled double probe. 

 

The change in S21 level was used to measure the amount of detuning providing 

by the detuning circuit. Without detuning applied, a resonant peak was obtained at 

123.2MHz as shown in Figure 4.21. When DC bias was turned on, a high impedance was 

inserted into the coil and a reduction (>-20dB) in the S21 was observed. In this 

experiment, the distance between probe and coil was kept constant.  
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Figure 4.21.: Measured frequency response of single receive element with and without detuning 

circuit. 

 

Finished the bench measurements of a single receive element and made sure that 

receive coil quality met the design requirements. All the four receive elements were 

assembled and the decoupling between all receive elements was performed. The same 

decoupling procedures used in numerical simulation were followed on bench top and the 

S-parameters were recorded as following table. Reflection coefficients of all elements 

were kept below -17dB to minimize signal reflection. The transmission (S21) measured 

between any of two elements were measured as below -14dB so that the coupling level 

was well-suppressed. 
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S-parameters Coil 1 Coil 2 Coil 3 Coil 4 

Coil 1 -19.5 -14.2 -14.1 -15.2 

Coil 2 -14.2 -26.5 -17.9 -16.4 

Coil 3 -13.9 -18.3 -17.6 -14.8 

Coil 4 -14.1 -18.3 -14.6 -18.4 

 
Table 4.1: Measured S-parameter matrix of the four-channel receive array. 

 

It should be noted that, to mimic the working condition of the receive array during 

scanning, all the bench-top measurements of the receive-only array were all performed 

within the matched PPW coils as shown in Figure 4.22. 

 

Figure 4.22: Four-channel receive array positioned in the matched quadrature PPW coils. 
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4.5.4. Common Mode Current Suppression 

 

Coaxial cables are often used to connect the receive coils to the scanner so that 

the received MR signals could be collected by the system and generate MRI images. 

However, when coaxial cables are positioned in the strong magnetic field, unwanted 

common mode current would be generated on the outside surface of the shield of the 

coaxial cables. For transceiver case, common mode currents flow as a result of 

unbalanced loop voltages that couple to the cable shield. For receive array coil, the 

common mode signals are induced directly from the field of the transmission coil onto 

the cable shield. Especially, when the cable length exceed free-space wavelength at high 

frequency, cable shield behaves like antennas which radiates power into free space and 

cause loss in SNR and patient safety concern.  

During the receive-only coil array fabrication in this study, several methods were 

used to address problems caused by the common mode current. First, the coaxial cables 

were routed with great care to avoid placing the cables along with direction of the strong 

field of the transmit coil so that the current coupled from the transmit field could be 

greatly reduced. Secondly, a virtual ground was achieved at the center line of the coil by 

using symmetric structure for both RF coil and matching circuit. In this manner, equal 

and opposite voltages can be obtained at the feeding point so that a balanced scheme 

could be achieved and suppress common mode signal. However, in receive-only case, the 

balanced matching network is incapable of suppressing the current on outside surface of 

the cable shield completely and common mode signals may still exist. Therefore, cable 

traps which chokes common mode currents were applied onto the coaxial cables at every 
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1/10 wavelength to guarantee the elimination of the unwanted common mode currents. 

To fabricate a cable trap, the insulation layer of the coaxial cable was removed for a 

small portion and a fixed value capacitor was connected in parallel with the cable shield. 

The capacitor’s value was carefully tuned so that the parallel LC-tank resonates and 

inserts a large impedance to the shield currents at the Lamor frequency.  

4.6. System Interface  

 

The quadrature PPW transmit coils and its local receive array were tested on a 

Siemens verio open-bore 3T scanner (Siemens Healthcare, Erlangen, Germany) to prove 

its feasibility. To connect the PPW coils and receive array to Siemens 3T scanner, two 

interface boxes were used for quadrature transmit and 4-channel receive. The transmit 

interface box provides two quadrature output ports (         ) to which the transmit 

coils can be connected directly as shown in Figure 4.25. In the four-channel receive only 

interface box, the DC control signal is combined with RF signal via bias tee to control the 

receive elements for active detuning as shown in Figure 4.24. 

http://www.eng.auburn.edu/research/centers/mri/equipment/siemens-verio-open.html
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Figure 4.24: Schematic representation of the four-channel receive array connected with system 

through interface. 

 

Figure 4.25: Schematic representation of the quadrature PPW coils connected with system 

through interface. 
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4.7. MRI Measurements 

4.7.1. Transmit Efficiency Improvement using Quadrature Structure 
 

The quadrature PPW coils were tested in 3T scanner for both linear mode and 

quadrature mode to prove the improvement in transmits efficiency. In all scanning 

experiments, same head phantom was used to mimic the loading of the human head and 

the conformal receive array was positioned at the bottom of the head phantom and kept 

about 2 cm away from the phantom. During the linear transmit mode experiments, the 

outer PPW coil was disconnected and the inner one was remained in working condition. 

The two quadrature output ports of the transmit interface box were combined using a 

hybrid coupler whose working frequency is 123.2MHz and then fed into the inner PPW 

coil for excitation. The normalized signal intensity at the center area of the head phantom 

was measured versus RF transmit voltage and recorded. The gradient echo sequence with 

following parameters was used: FOV=320*320, Resolution=256*256, Voxel 

size=1.3*1.3*5.5mm, TR=50 ms, TE=3.46 ms, Average =1, Nominal flip angle =10 

degree. Then the same GRE sequence and experiment procedure were repeated for the 

quadrature transmit mode (both inner and outer PPW coils in transmit) and the scanning 

results were compared with that of the linear transmit. The optimal transmit voltage was 

found as 78 V and 47V for linear and quadrature structure respectively. An approximate 

40 percent improvement in transmit efficiency was observed as shown in Figure 4.26. 

Figure 4.27 shows the GRE images obtained using both linear and quadrature excitations. 
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Figure 4.25: Scanning experiments setting-up for transmit efficient measurement on head 

phantom. 

 

Figure 4.26: Normalized signal intensity versus transmit voltage for linear and quadrature 

structure. 
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Figure 4.27: GRE images of head phantom in sagittal plane using a) Linear excitation. b) 

Quadrature excitation. 
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4.7.2. 1H Images 
 

The uncombined images of the four-channel receive array in sagittal plane were 

obtained using same GRE sequence (Figure 4.28) and compared with the simulated 

receive coil profile in section 4.5.1. The uncombined images are with high SNR and are 

consistent with the simulated coil profile which demonstrate the high sensitivity of the 

fabricated receive array and the effectiveness of the employed decoupling strategies. 

 

 

Figure 4.28: Uncombined images of the four-channel receive array obtained using GRE sequence. 
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Other than phantom testing, scanning experiment was also performed on human 

leg. The images were taken using spin echo sequence with following parameters: 

FOV=200*200, Resolution=256*256, Voxel size=0.8*0.8*3 mm, TR=50 ms, TE=3.78 

ms, Average=1, RF Voltage=100 V and nominal flip angle =10 degree on calf muscle of 

a healthy volunteer. The spin echo images of the calf muscle of sagittal and transversal 

plan are shown in Figure 4.30.  The brighter area in the images are related to the profile 

of the receive array. 

 

Figure 4.29: Scanning experiments setting-up for human leg imaging. 
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Figure 4.30: The spin echo images of the calf muscle. a).Coronal plane b). Sagittal plane and c). 

Transversal plane. 
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4.8. Conclusion 

 

In this chapter, the feasibility of using quadrature PPW coils for large volume 

transmission in MRI was investigated. The transmit efficiency of the quadrature transmit 

excitation was compared with that of the linear excitation and an approximate 40% gain 

in transmit efficiency was obtained. The performance of the 4-channel receive array was 

tested both on bench top and through scanning experiments. High SNR images were 

obtained from head phantom and human leg. The uncombined images of all four receive 

elements were compared with the simulated receive profile and demonstrate the 

effectiveness of the decoupling methods employed. 
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5. Future recommendations 
 

In Chapter 2, the designed and fabricated front-end circuits are used for research 

purpose. With -3dB total insertion loss, half of the RF power will be dissipated on the 

front-end circuits. To achieve optimization on circuits’ performance, high quality 

inductors can be used in future applications so that the insertion loss of the passive front-

end circuits could be further reduced. For the preamplifier, RF shield can be added to 

minimize the negative impact of the strong magnetic field. 

In Chapter 3, for the purpose of proof-of-concept, the linear PPW coil is used for 

acquiring phosphorous spectroscopy signal. To enhance the SNR of the 31P signal, a 

separate receive-only array is preferred.  

In Chapter 4, a four-channel receive-only array is used to boost the local SNR of 

the 1H images. Due to the dimensions of the receive array, the coverage area is limited. 

To achieve high SNR in the whole volume, a receive-only array with more channels 

which covers a larger area can be employed. 
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