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ABSTRACT 

Nuclear magnetic resonance (NMR) is an important tool used to study the atomic or molecular 

properties of materials by exploiting magnetic properties of the constituent nuclei. A 

spectrometer is an integral element of an NMR system which consists of an RF transmitter, 

receiver, amplifier, temperature controller, transmit/receive switch, filter, etc. A transmit/receive 

switch is used to toggle between transmission and reception modes of the resonant coil in the RF 

probe. The following thesis consists of the design and construction of one such T/R switch that is 

used to perform NMR field mapping of resistive magnets in the presence of temporal field 

fluctuations. This low power T/R switch consisting of two receive channels and a common 

transmitter is designed to operate over a wide range of proton (
1
H) NMR frequencies i.e., 200 

MHz to 1600 MHz and can handle up to 1 watt power. It uses a microstrip transmission line 

design utilizing low power surface mount switches, splitters and drop-in preamps. 

 

The other part of this thesis deals with the design of a band pass filter tuned at 720 MHz. In multi 

nuclear pulsed NMR experiments, a high power band pass filter is used to improve the isolation 

between the channels of the spectrometer and screen out the other frequencies and noise signals 

from the system. The filter is designed using two semi-rigid coaxial cables grounded at their 

ends. This design is evaluated for its performance (insertion loss and reflection coefficient). The 

construction challenges have also been discussed. The filter is capable of handling a maximum 

RF input of 1 kilowatt rms power, has a 3dB bandwidth of 40 MHz and produces an insertion 

loss as low as 1dB.  
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CHAPTER 1 

INTRODUCTION 

Nuclear magnetic resonance (NMR) is a physical phenomenon in which certain nuclei, when 

placed in a magnetic field emit and absorb electromagnetic energy. This energy occurs at 

characteristic resonant frequencies, which depend on the magnetic field strength and properties 

of the nuclei. The NMR technique is exploited in many ways to analyze a compound for its 

constituents or for its molecular structure. Recent methods have been developed using NMR to 

study biomacromolecules at atomic resolution. Other applications that have been developed 

using NMR are studying solution structure, molecular dynamics, ionization state of an enzyme in 

a protein, protein folding, etc. This thesis mainly consists of the design and development of new 

electronic equipment that is used in low power NMR mapping and high power solid state NMR. 

As a first half of this thesis we designed and developed a 2-channel low power broadband 

Transmit/ Receive switch that is used for NMR mapping. We also explored a different approach 

to a high power narrow pass band filter that can used for high power solid state NMR. Before the 

details of these electronics are discussed, let us have a brief study on NMR.  

1.1 Basics of NMR  

1.1.1 Spin Theory 

Spin is a physical property which determines the intrinsic angular momentum of the unpaired 

subatomic particles [1]. For many isotopic species such as 
12

C the spins of the nucleons cancel 

out.  When isotopes such as 
13

C or 
1
H, which have a net spin, are placed in a magnetic field, their 

energy levels are split as a consequence of the Zeeman phenomenon [1]. All the atoms with 

nonzero spin in the sample divide themselves into different energy levels. Between any two 

energy levels given, there is an energy difference E. It is that energy that an atom at lower energy 

state has to gain to jump up to the higher energy state or vice versa. Considering a proton, it has 

only two energy levels. In figure 1.1, it can be seen that the there is an energy difference between 

both levels. An atom in the lower energy state needs to absorb a photon carrying energy equal to 

the energy difference to rise up to the higher energy state and similarly the atom releases a 

photon of the same amount of energy when it falls down to a lower energy state.  
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Figure 1.1 Energy level diagram 

The energy E of a photon is related to frequency as: 

E = h * ν 

 

where h = Planck’s constant and  ν = resonant or Larmor frequency.  The Larmor frequency 

depends on magnetic field as 

 

ν = γ * B0,  

where γ= gyromagnetic ratio of the isotope, and B0 is the magnetic field. 

1.1.2 Relaxation Time 

Consider a simple NMR experiment where the sample is placed in a magnetic field B0 along the z 

axis. Before applying the magnetic field, the nuclei in the sample are randomly distributed. Once 

the magnetic field is applied, a population divides between the energy levels. When this sample 

is hit by an RF pulse of constant amplitude for a particular amount of time causing the 

magnetization vector tip down by 90, the RF pulse is known as the 90 pulse [2]. When the 

pulse is removed, the magnetization vector starts to rotate in the xy plane at the Larmor 
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frequency. But some of the nuclei precess faster than the Larmor frequency due to field 

inhomogeneity. This is known as dephasing over the xy plane.  This dephasing about the xy 

plane occurs exponentially with a time constant T2* which is a combined effect of field 

inhomogeneity and interactions between the nuclei. Also simultaneously the net magnetization 

tends to regain its thermal equilibrium by aligning itself in the direction of the magnetic field B0. 

This realignment with the magnetic field occurs exponentially with a time constant T1.  

 

1.1.3 Bloch Equations 

The Bloch equations are a macroscopic, phenomenological but convenient description of the 

motion of the magnetization in a magnetic field.  The magnetization of a nucleus is directly 

proportional to its magnetic moment. It is given by [1]:                                           

 

Using the equation:                

 

 

Since M is proportional to µ, this implies:  

                

 

The magnetization along x-, y- and z- axis can be denoted as Mx, My, Mz respectively. We can 

write the Bloch equations including the relaxation times as:  
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1.1.4 T1 Processes 

Spin-lattice relaxation, characterized by the time constant T1, describes the interaction between 

the spin and the external environment. After the RF pulse, the excess nuclei at the higher energy 

state emit energy to fall back to the lower energy state in order to establish the thermal 

equilibrium in the lattice [3]. T1 is the time taken for the difference between the longitudinal 

magnetization Mz and its equilibrium value M0 to reduce by a factor of e [1]. The figure 1.2 

shows the exponential rise of the longitudinal magnetization towards its equilibrium value. 

 

 

Figure 1.2 Spin-lattice relaxation time  

 

1.1.5 T2 Processes 

After the RF pulse, the net magnetization rotates about the z axis at the Larmor frequency. But 

due to the interactions between the nuclei, some of the nuclei rotate at higher frequency and 

some at lower frequency. The component of magnetization in the xy plane starts to dephase [3]. 

This spin-spin relaxation time is defined as the time taken by the transverse magnetization to 

reduce by a factor of e [1]. This dephasing occurs even faster if the field is inhomogeneous. It is 

represented by T2 but in the cases where the effect of field inhomogeneity is also considered it is 

represented by T2*. The figure 1.3 shows the spin-spin relaxation time.  

 



5 

 

 

 Figure 1.3 Spin-spin relaxation time  

 

1.1.6 Chemical Shift 

For an atom placed in a magnetic field, the net field at its nucleus is not necessarily equal to the 

applied magnetic field. The electrons moving in the magnetic field induce their own field against 

(or with) the applied field. The electron density around each nucleus varies depending upon the 

type of nuclei and also type of the bonds the molecule has. This results in different resultant 

magnetic field around each nucleus. This is known as chemical shift phenomenon [1]. 

Consequently, there are different resonant frequencies at different places on the molecule. This 

difference in the resonant frequency also depends on the applied magnetic field. This difference 

increases as the field increases.   

Hence, it can be said that the chemical shift in NMR is one of the important parameters as it 

differentiates between different atoms in a molecule. Besides from that it can even give us the 

information about the surroundings of the nucleus.   

 

1.1.7 Time Domain NMR Spectroscopy 

Once the sample is irradiated by a 90 RF pulse of its resonant frequency, the net magnetization 

tips down on to the xy plane and starts to rotate about the z axis at the Larmor frequency [3]. 

While doing so the nuclei induce a voltage in the RF coil which is detected by the spectrometer. 

Due to various factors discussed in sections 1.1.4 and 1.1.5, the net magnetization also starts to 
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recover its equilibrium state. The resulting output appears to be like a sinusoid that decays over 

time. This is known as free induction decay (FID) [1]. Figure 1.4 shows a regular input RF pulse 

used for magnetization and an NMR response to the input. Note that there is always a “dead 

time” between the end of the pulse and the beginning of the detected FID due to instrumental 

issues such as the filter bandwidth and the delay introduced by the transmit-receive switch.  

Relaxation processes continue to occur during this delay and reduce the signal level which can 

be detected during the acquisition time.  Therefore, it is important to keep the dead time well 

below T2*. 

 

Figure 1.4 90 input pulse and the FID of the NMR signal 

1.2 NMR on Superconducting and Resistive Power Magnets 

For many years superconducting magnets have been in use for NMR spectroscopy. In 

superconducting magnets, the conductor has zero resistance when it is operated below its critical 

temperature. Hence, it carries current through it indefinitely. A superconducting magnet has 

many advantages for it to be used in many applications. The field is highly homogeneous and has 

minimum temporal fluctuations. The power costs are very low as it does not require any power 

supply. Once the conductor is charged up, it can run for six to seven years or more at a stretch as 

long as it is maintained below its critical temperature. But a superconducting magnet is limited 

by the maximum current density the wire can carry. That in turn limits the maximum field 

strength it can attain. The highest field strength that has been achieved using a superconducting 

magnet is 23 T [4].  

 

NMR is largely limited by sensitivity.  For spin -1/2 isotopes, it is well known that sensitivity in 

volts increases as B0
7/4

.  Therefore the time required to collect data with a given SNR decreases 

as B0
7/2

 [5].  For higher spin or quadrupolar nuclei, larger field can lead to resolution 
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enhancement, which further improves the SNR.  NHMFL scientists have found an improvement 

of about the fourth power (compared to the 7/4 power) of sensitivity with field for highly 

broadened quadrupolar systems.  With fields of 30 T and above they expect to make chemically 

and biologically important elements such as 
17

O practical for NMR for the first time.  

 

The Keck magnet at the NHMFL produces a field of 25 T which has about 50-100 ppm of in-

homogeneity over a 10 mm diameter spherical volume [6]. This inhomogeneity could be 

introduced by construction and design imperfection in the magnet or other ferromagnetic 

material around the magnet. This inhomogeneity increases with increasing magnetic field. In 

order to increase the homogeneity in the field, resistive water cooled shims were introduced [7]. 

These shims are placed inside the magnet and these carry current in the opposite direction to 

generate a magnetic field to cancel out the spurious fields that cause the inhomogeneity. Using 

ferro-shims reduces the inhomogeneity to 12 ppm and using resistive shims reduces it to 5.6 ppm 

[8]. The figure 1.5 shows the 25 T-52 mm bore Keck magnet at NHMFL. 

 

Also in order to reduce the temporal fluctuations in the field, a reference mapping technique is 

used [9]. This technique employs a reference signal and a reference sample. The reference signal 

is used to generate an NMR signal from the stationary reference sample that when subtracted 

from the samples map cancels out the time varying temporal fluctuations. The most significant 

portion of this thesis is designed to facilitate this technique. 

 

Therefore we have a limitation of inhomogeneity in a resistive magnet and a limitation of field 

strength in a superconducting magnet. Considering both the cases, there is a tradeoff between the 

homogeneity of the field and the field strength. In order to achieve both a hybrid of 

superconducting magnet and a resistive magnet has to be developed. One such magnet is being 

designed here at NHMFL called the series connected hybrid magnet to achieve a total magnetic 

field strength of 36T [10]. It is obtained by connecting a resistive insert and a superconducting 

outsert in series. Figure 1.6 shows the cross section of the Series Connected Hybrid magnet 

designed at NHMFL. This would reduce the power costs compared to the resistive magnets and 

yet achieve higher field strength than a superconducting magnet. Though the inhomogeneity of 

the magnet is a little higher than a superconducting magnet, it will have a better quality field than 
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a resistive magnet [7, 11, 12]. The SCH uses only one 14 MW power supply in comparison to a 

resistive magnet that uses two 14 MW power supplies and a hybrid magnet uses three of the 

same power supplies. This thesis consists of the transmit/receive switch that was designed to 

operate high frequencies and could be used to map this magnet. 

 

 

 

Figure 1.5 25T 52 mm resistive power magnet  

 

1.3 Spectrometer Hardware 

Figure 1.7 shows a complete hardware of a spectrometer in the form of block diagram. This 

section consists of a summarized account of all the elements in every module of the 

spectrometer.  
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Figure 1.6 Series Connected Hybrid image courtesy of National High Magnetic Field Laboratory 

 

1.3.1 Transmitter 

The four main elements of a transmitter are the pulse synthesizer, phase shifter, gate and RF 

amplifier. The pulse programmer is the key element of the spectrometer as it sets all the 

parameters such as the frequency, width, phase and power for the pulse to be transmitted [3]. The 

user provides these data to the pulse programmer and it synthesizes the pulse using the pulse 

synthesizer and it is sent to the phase shifter. This produces a phase shift of 0 (along x axis), 90 

(along y axis), 180 (along –x axis) and 270 (along –y axis). Once the phase shifter pulse is 

ready, it directed to the amplifier through a gate. This gate is important as when the transmitter is 

not transmitting, this is kept open so that there is no noise transmitted down this path. Also the 

gate is used by the pulse programmer to control the pulse width. This is done by opening and 

closing the gate to send an RF pulse of a predetermined width to tip the magnetization on the xy 

plane. Once the amplifier receives the phase shifted pulse, depending upon the nuclei under test, 

it amplifies the power and directs it to the probe. The probe consists of a RF coil that generates 

the transverse magnetic field for the sample using the RF pulses from the transmitter.  



10 

 

 

Figure 1.7 Spectrometer block diagram for field mapping 

 

1.3.2 Receiver 

The low power NMR signal is directed to the receiver path using the same cable as that of the 

transmitted RF signal. This signal is first sent into a preamplifier in order to retain its signal to 

noise ratio as various cables might hamper the SNR. Hence, it is highly recommended to keep 

the preamplifier to be kept close to the magnet. This amplified signal has to be digitized in order 

to analyze it and to plot a map with it. But a digitizer works best on audio frequencies. So this RF 

signal has to be mixed with an intermediate frequency. This is done using the quadrature detector 

[3]. On mixing the NMR signal with the intermediate frequency it is converted into an audio 

signal which can now be digitized. But before that, it is passed through a filter to remove any 

spurious frequencies out of the spectrometer bandwidth. This is then digitized using an analog to 

digital convertor. The sampling rate is evaluated using Nyquist’s theorem for digitization. These 

samples are now plotted to achieve a map. 

 

1.4 NMR Field Mapping 

Field mapping is a technique that is used to observe the field homogeneity of a magnet. A sample 

is moved in the magnetic field in a specific path such that it is placed at different points in the 
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field at each instant. An RF signal is used to excite the sample and as a response an NMR signal 

is read. The NMR signal is Fourier transformed to produce a single peak. This frequency is 

directly proportional to the magnetic field at that point. These frequencies are plotted for 

different positions in the field and this plot represents the field inhomogeneity of the magnet. 

This is known as a field map of the magnet [9].  

1.5 Thesis Outline 

1.5.1 Transmit/Receive Switch 

The intermediate stage between the transmitter / receiver and the probe is a switch. Its main 

function is to isolate the transmission and receive paths from each other. The transmit/receive 

switch which toggles between the transmission and receive paths using a control signal. 

 

This can be implemented using a quarter wave transmission line design which would be 

discussed briefly in the next chapter. This thesis consists of a new approach to this switching 

process. The primary aim was to make a more universal switch which does not have to be tuned 

for a particular frequency. The design specializes in switching over a wide range of frequencies 

from 300 MHz to 1600 MHz. As it was mentioned in the previous section, a reference signal is 

used to cancel out the temporal fluctuations in the magnetic field. In order to facilitate that the 

design consists of two channels, one for reference signal and the other for mapping signal.  

Another feature of this switch is it consists of an on board pre-amplifier that amplifies the NMR 

signal coming from the probe. Hence a 2-channel low power broadband transmit/receive switch 

can be used in mapping any magnet operating between the 300 MHz – 1600 MHz.  

 

1.5.2 Filter 

Most of the NMR spectroscopic experiments are multi resonant. A filter is used to reduce the 

noise at the observed frequency due to the decoupling frequencies during acquisition. It is also 

used to isolate the pre-amp from high power out of band frequencies. Hence, an efficient high 

power narrow pass-band high power filter design is required. The other part of the thesis consists 

of the evaluation of one such filter. This approach is taken from a prototype design of Dr. Ago 

Samosan of National Institute of Chemical, Physics and Biophysics, Talinn, Estonia. The 

primary aim of this project was to analyze the filter for its performance and tuning techniques 
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and then try to redesign it for another frequency to understand its design issues. The design 

mainly consists of two quarter wave semi-rigid coaxial cables connected in series. It is designed 

to operate at high powers and produce a very narrow bandwidth.  

 

Figure 1.8 Spectrometer block diagram for high power NMR 

 

1.6 Organization of the Thesis 

Chapter 1 discusses the basic principles of NMR, describes NMR spectroscopy and the general 

hardware used for it.  Chapter 2 consists of detailed discussion on the Transmit/Receive switch 

and chapter 3 of the 720 MHz filter. 
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CHAPTER 2 

TWO CHANNEL LOW POWER BROADBAND 

TRANSMIT/RECEIVE SWITCH 

2.1 Introduction 

In almost all the communication devices where a common channel is used for two way 

communication a transmit/receive (T/R) switch is used. A T/R switch works as a half duplexer 

that allows a signal from two channels to pass over a single path at a time using a control signal. 

There are many applications of a T/R switch such as push button walkie talkies, mobile phones 

and the list goes on.    

 

Similarly, most of the NMR applications make use of a T/R switch to facilitate the use of a 

common RF coil for both transmission and reception. This T/R switch is required to have a very 

low switching delay and also provide a very good isolation between the transmit port and receive 

port. The most general approach of designing a T/R switch is by using PIN diodes and a quarter 

wave transformer that works at its resonant frequency. In this chapter a different approach is 

explored for the T/R switch that works over a wide a range of frequencies for low power.  

 

2.1.1 Conventional transmit/receive switch design 

The conventional design of a transmit/receive switch is as shown in figure 2.1. It consists of two 

sets of self-biased PIN diodes and three ports. A quarter wave impedance transformer is used to 

provide isolation between transmitter and receiver. Ordinary switching diodes can be used to 

gate high powers. But in NMR mapping we deal with much lower powers i.e., up to 5 watts.  

 

The NMR pulse is input into the transmit port. The diodes are forward biased and provide low 

impedance to signal sending it to the probe and receiver junction. Here, as the diodes are forward 

biased and are grounded, they offer zero impedance. This short circuit is transformed by the 

quarter wave transformer into an open circuit directing the signal towards the probe. When the 

probe is transmitting, once the signal reaches transmit and receive junction, due to the zero bias 
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of the diodes on the transmitter side, they are turned off. The quarter wave transformer is just 

like any other transmission line allowing the signal with minimum attenuation into the receive 

port. 

 

 

Figure 2.1 Conventional T/R switch design  

 

The above design has a limitation. The quarter wave transformer line works only at its resonant 

frequency therefore the length has to be changed for the switch to be used at another frequency. 

Hence, a different design of T/R switch that can operate on a wide range of frequencies with 

minimum attenuation has to be modeled.   

 

2.1.2 Problems of switching over a broadband of frequencies 

The design of a switch for operating it at a single frequency is seen in figure 2.1. In order to 

change the operating frequency the length of the quarter wave transmission lines has to be 

changed. Clearly, having to change the length of the transmission lines each time we change the 

operating frequency is not optimal. Hence, a medium has to be chosen that can be used for a 

wide band frequency operation.  

 

Most of the lumped elements do not operate the same at all frequencies. The diode design has 

higher losses at higher frequencies especially at frequencies at which their physical size becomes 

comparable to the wavelength of the signal. Above those frequencies they introduce many 

parasitic effects which make them almost impractical to use.  
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2.1.3 Methods to overcome the problems 

As this is a broadband application clearly the concept of quarter wave length is ruled out. We 

need to use something that does not change its electrical properties over a range of frequencies. 

We need to use a planar transmission line structure that provides us access to the conductor as 

we have to mount various devices on top of it. A microstrip design is a setup that meets all of 

these requirements. Hence, this does not use quarter wave transformer and avoids the 

requirement to change the length of the transmission line for every individual frequency.  

 

Integrated circuits were used for this design as they are more compact and much easy to fabricate 

on a microstrip. An active switch that is used in a communication network was used to provide 

wide band operation with adequate isolation and faster switching. Most of the high frequency 

losses are kept low by using the microstrip design. Even the rest of the elements were chosen 

such that they have minimum losses. It is obvious that the response would not be exactly the 

same over the complete frequency band but at the same time it should not vary adversely over 

the region it is being operated.  

 

While working over a wide range of high frequencies, a proper ground plane has to be provided. 

For this purpose one side of the board was grounded and through holes were drilled with a 

minimum distance of a quarter wavelength at the highest frequency of operation between each 

through hole. This avoids resonance at all the frequencies and provides a proper grounding to all 

the inputs and elements. 

2.2 Methods and materials 

2.2.1 T/R Switch design 

The two channel broadband low power T/R switch block diagram is as shown in figure 2.2. The 

design mainly consists of microstrip transmission lines and surface mount devices. The 

components used in the design are a power splitter, a pre-amp, a broadband transmit/ receive 

switch, logic inverter, blocking and bias capacitors. A TTL signal is used to control the switching 

between transmit and receive modes. As specified earlier, it is a two channel T/R switch. In 

transmit mode, the splitter divides the single input into the transmit lines of both the channels. 

This signal goes through the switch in to the probe. In the receive mode, the signal from the 
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probe comes in through the switch and is amplified by the pre-amp. This amplified signal is sent 

into the receive port.  

 

 

Figure 2.2 Block diagram of transmit/receive switch  

 

Here is the detailed account of all the elements used to design the T/R switch. 

 

2.2.2 Microstrip design 

A microstrip is a transmission line that can be fabricated on a PCB. It has three layers, ground 

plane, dielectric (substrate) and copper conductor. This is well suited for our application as it is 

very convenient to mount ICs on top of it and it is very easy to fabricate. This works perfectly 

well for a broadband operation as it would be explained in the later part of this section. Figure 

2.3 shows the cross-section of one such microstrip. 

 

In figure 2.3, εr is the relative permittivity of the dielectric, h is the thickness of the substrate, t 

represents the thickness of the conductor and w is the width of the conductor. 
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The dominating parameter of a microstrip design is its characteristic impedance which mainly 

depends upon the dielectric constant, the width of the trace and the thickness of the substrate. As 

the substrate material is fixed and the thickness is chosen from the standard, the key parameter 

that determines the characteristic impedance is the width of the copper trace. 

 

Figure 2.3 Cross section of a microstrip 

 

For our application we are using FR4. FR4 is the designation for reinforced epoxy laminate 

sheets. It is made up of fiber glass. FR4 is more useful for its mechanical strength. It has a really 

good strength to weight ratio because of which even a thinner circuit board works perfectly well 

for the T/R switch. It has a dielectric constant of 4.7. The characteristic impedance is calculated 

by solving the following mathematical equations [13]: 

                                                             ------------------------------- (1)  

                                     
 

 

                                        ≤  ----------------------------------- (2) 

                                                    
 

As we see in the design equations, none of the parameters depend on the operating frequency. 

The microstrip lines are dispersive which means the phase velocity decreases as the frequency is 
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increased [14]. But for frequencies between 300 MHz-1600 MHz, this can be neglected. There 

are many sources that have detailed description on microstrip design [15-17]. 

 

Once the microstrip was designed, a sample trace was built for testing its losses and 

characteristic impedance. The figure 2.4 shows the sample microstrip line used for testing. The 

losses were testing using a vector network analyzer which would be discussed later in this 

chapter. The character impedance was verified using open/short method. The sample trace is first 

connected to an open end and observed for its input impedance and the same is repeated using a 

short end. The geometric mean of these input impedances is the characteristic impedance [17]. 

 

 

Figure 2.4 Sample microstrip line used for testing 

 

2.2.3 Switch 

The key component of the TR switch is the switch itself. The switching operation is carried out 

by an active switch that toggles between transmit and receive modes by making use of a control 

logic signal. The primary objective while choosing a switch is that it should operate on a 

broadband of frequencies and that band should consist of 100 MHz-2000 MHz frequencies. Also 

the losses have to be least in that band with minimum variation as the frequency increases. 

Another property to be observed is the switch response time. As explained in section 1.1.5, the 

response time must be shorter than T2* of the NMR sample.  
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The Hittite HMC574MS8 TR switch chosen for this application is a SPDT switch in 8-lead 

MSOP package providing low distortion at higher power levels. It has two RF output ports and 

one RF input port. It also has a power input pin and two control inputs for switching. These 

control signals operate using TTL signals. The switching needs 5 volts Vcc to operate. The other 

specifications that make this switch well suited for our application are its band of operation of 

DC-3000 MHz with minimal variation in losses and has a switching time of 120 ns. It is a low 

power switch having a 1 dB compression point of 36 dBm (typically) at the input.  

 

The switch operates using the supply voltage and the control voltages that make the switch 

toggle between the modes are both provided from the NMR spectrometer. The input voltage 

needs to be adjusted to meet the requirement of the switch. The control signals are taken from the 

blanking signal of the spectrometer which is in general used to bypass the amplifier when not 

transmitting.   

 

2.2.4 Power Splitter 

In NMR field mapping experiments we make use of the same transmit signal for both the 

mapping channel and the reference channel. Instead of using two different input ports for the 

same signal it would be much better to use a single input port. In order to facilitate that, a power 

splitter can be used.  

 

The power splitter ADP-2-20 by Mini-Circuits chosen for this application is a 3 dB linear power 

splitter/combiner. Using a power splitter most certainly causes a loss of 3 dB. In addition to the 3 

dB split it has a 0.6 dB loss on each path. This is almost the same over the band of 20 MHz- 

2000 MHz which is perfect for our application.  

 

2.2.5 Pre-amplifier 

As was mentioned in section 1.4.2, a pre-amplifier is used to amplify the weak NMR signal from 

the probe.  The NMR signal is much lower than it is required to be at the receiver mixer. It is for 

this reason a pre amplifier is used before it is sent into the mixer of the receiver.  This T/R switch 

design is provided with an onboard drop-in pre-amplifier. As we are operating at low powers the 

pre-amp need not have a high power handling capacity.  
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The pre-amp MAR-6SM is a 4-pin micro-X package wide band amplifier with a darlington 

configuration manufactured by Mini-Circuits. It provides a typical gain of 20 dB up to 1 GHz 

and a bit lower gain of 18 dB as we go higher. It is a low power amplifier. Being an amplifier, it 

has a bias circuit with a biasing capacitor and resister. It also needs blocking capacitors to 

prevent the DC from coming into the RF path. Figure 2.5 shows the application circuit of the 

pre-amp. As we see using the choke is optional but as we are operating at high frequencies it is 

good to use it in order to avoid any sort of RF leakage into the bias circuit.  

 

 

Figure 2.5 Application circuit of MAR-6SM pre-amp  

 

In order to obtain the maximum performance from the pre-amp, proper care should be taken 

while soldering it on the circuit board. The manufacturer mounting configuration must be 

followed to get the maximum gain from the amplifier. According to that proper ground is 

supposed to be provided around it.  Also the copper leads that are connected to the leads of the 

pre-amp must be of the width as specified in the mounting configuration. Most importantly, the 

bias circuit is should be properly connected to the pre-amp with minimum spacing.  

 

2.2.6 Logic Inverter 

We have seen that the switch needs control signals to switch between the two modes. Both of 

these signals are inverted so that when one is high the other is low and vice versa. This input is 

provided from an external source (spectrometer) along with the power supply. Instead of giving 
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two signals that have to be switched each time, we made use of a single signal and use an 

inverter to provide opposite signals for both the control signals.  

 

The 74HC04 IC is a hex inverter. It is a 14 pin package with 6 inverter gates integrated in it. Its 

operational voltage ranges between 2v-6v. As we have seen, we make use of two switches, one 

for each channel. Hence, we use 4 of the gates in the IC.  

 

2.2.7 T/R Switch Schematic 

On using all the above components for the block diagram mentioned in figure 2.2, the schematic 

was drawn. Figure 2.6 shows the schematic for the T/R switch. The red color indicates the power 

line on the ground plane. 

 

 

Figure 2.6 Transmit/Receive switch schematic 

 

The input signal is given into the transmit port, which is split into two by the splitter. The control 

logic is used to close the switch to connect the transmit port to the probe end. Similarly, when the 
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NMR signal is received by the T/R switch, the control signal is used to close the switch to 

connect the probe port to the receive port. This NMR signal is amplified using the pre-amplifier 

before is it sent out of the T/R switch. A blanking signal is used to gate the first level of the RF 

power amplifier in order to reduce the noise in the channel while it is not transmitting. This 

blanking signal is used to provide the control signal for the switch.  

 

2.2.8 Vector Network Analyzer 

The performance of any 2-port network is best analyzed using a vector network analyzer (VNA). 

A VNA provides the network with a sample input power and the output of the network is used to 

plot various s-parameters over a range of frequencies. A VNA is the best tool to analyze a 2-port 

network. A basic VNA lets the user to choose the input power, a frequency range of interest, 

scale the s- parameters and most importantly, it can be configured for a particular network so that 

the phase shift in the cables do not affect the s-parameters.  

 

 

Figure 2.7 E5017C Agilent network analyzer 

 

 

Figure 2.7 shows an E5071C Agilent network analyzer [18]. This is the VNA that was used to 

analyze the performance of the T/R switch. As it can be seen it has 4 ports that can be connected 

to a network. This allows the user to analyze a 4 port network rather than limiting them to 2 port 
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networks. This analyzer also lets the user to read the scattering matrix in the standard 

“Touchstone” format which can be imported by circuit simulation software for blackbox 

analyses directly. It is clearly a very advanced model of VNA that makes it very easy to study 

the device under test.  

 

2.2.9 Testing on network analyzer 

Once the T/R switch is ready to use with all of its components in place, it is tested for its 

insertion and return losses on a vector network analyzer. In order to provide power supply and 

control signals we make use of an external 2-channel power supply. The voltage source is set to 

6v Vcc and 5v for the control signals. These are provided to the inverter and its output controls 

the switch operation.  

 

In order to verify the performance, we test the switch path by path. For example, in order to test 

the receive mode of one channel, we supply the control input for that mode and check for the 

gain and return losses at that receive port. The rest of the ports are terminated using matched 

loads (50 ) in order to avoid energy being reflected from the open ports. The response is swept 

for the whole wide band of frequencies (300 MHz–1600 MHz) and the same is repeated for all 

the ports in both the channels. 

2.3 Results 

The T/R switch was tested using a vector network analyzer, for its broadband operation with 

minimal losses. The T/R switch is expected to less than 3 dB loss when operated in transmit 

mode and have a gain of at least 12 dB) when operated in receive mode. In both the cases the 

T/R switch needs to have a very good isolation between the transmit and the receive ports. The 

switch was tested at 4 different frequencies: 300 MHz, 1000 MHz, 1500 MHz and 1600 MHz.  
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Figure 2.8 Test bench setup 

 

As shown in figure 2.8, in order to test the filter, the receive port is connected to port 2 of the 

VNA, the probe port is connected to port 1 and the transmit port is connected to port 3. Hence, 

the insertion loss is tested by observing the S13 parameter and the gain in receive mode is tested  

using S21. The figures below show the performance at 1000 MHz. The complete performance at 

all the other frequencies is shown as a table.  

 

 

Figure 2.9 Output of the T/R switch in transmit mode 
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Figure 2.10 Output of the T/R switch in receive mode 

 

Figure 2.9 shows the test of the T/R switch in transmit mode. At 1000 MHz the loss is 4.3 dB of 

which 3 dB comes from splitting the power between the two probe ports. Figure 2.10 shows the 

gain (S21) of the T/R switch with a marker at 1000 MHz. The gain generated is 16.3 dB. The 

other results are as tabulated in the tables 2.1 and 2.2.  

 

Table 2.1 Results of the T/R Switch in Transmit Mode 

 300 MHz 1000 MHz 1500 MHz 1600 MHz 

S13 -2.7 dB -3.9 dB -5.3 dB -5.8 dB 

S33 -11.7 dB -8 dB -13 dB -14.5 dB 

S21 -10 dB 0 dB 4.1 dB 4.4 dB 

S23 -14.1 dB -2.1 dB 0.5 dB 0.1 dB 

 

Another important parameter to be considered is the isolation between the transmit and the 

receive ports (S23). The results suggest that the isolation is poor. This is largely because the 

signal is amplified by the preamplifier before it reaches the receive port. The preamplifier used 
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has a typical gain of 20 dB. At 1000 MHz, the isolation is -4.3 dB which means that the isolation 

between the ports before amplification is -24.3 dB. Hence, the results of the T/R switch are 

acceptable for operation.  

 

Table 2.2 Results of the T/R Switch in Receive Mode 

 300 MHz 1000 MHz 1500 MHz 1600 MHz 

S21 15.2 dB 16.9 dB 14 dB 14.1 dB 

S11 -5.8dB -8.1 dB -6.6 dB -8.5 dB 

S13 -32.5 dB -23.5 dB -20 dB -17.9 dB 

S23 -20.8 dB -4.3 dB -0.6 dB 0.7 dB 

 

2.4 Conclusion and future work 

This thesis was concentrated on designing and testing a 2 channel low lower broadband switch 

intended for NMR reference mapping up to 1.6 GHz. The aim was to allow the user to use the 

same switch to map the magnet at different field (and NMR frequency) without having to change 

any parameters of the switch. On testing the switch on the VNA, it could produce a maximum 

insertion loss of -5.8 dB in the transmit mode and a maximum gain of 14.1 dB in the receive 

mode at 1600 MHz. The switch was tested on a 600 MHz superconducting magnet and produced 

an excellent map. Figure 2.11 shows the map generated on 600 superconducting magnet using 

the T/R switch. 

 

Studying the operation of the T/R switch at high frequencies has given us deeper insight into 

how to get better results by making minute changes in the design. It was critical to minimize 

coupling between the DC lines and the RF lines. For this we are working on an updated design 

that would not have any cross over between the DC and the RF line. Also we are looking into 

using tin plated boards to avoid oxidation.  
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Figure 2.11 Map generated on 600 superconducting magnet using the T/R switch 
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CHAPTER 3 

HIGH POWER NARROW PASS BAND 720 MHZ FILTER 

3.1 Introduction 

A filter is a very commonly used RF device used in almost every application where there is a 

frequency band of interest. A narrow pass band filter with a very small 3 dB loss bandwidth is 

most frequently used in the cases where there is only one frequency of interest. Most NMR 

experiments use widely spaced multiple frequency channels. In order to ensure that there are no 

other frequencies entering a channel, a filter needs to be incorporated. This section deals with the 

evaluation of a different approach for one such filter. A filter designed by Dr. Ago Samosan of 

National Institute of Chemical, Physics and Biophysics, Talinn, Estonia was used as prototype. 

His filter for 832 MHz was first evaluated for understanding its working and an attempt was 

made to build the same for 720 MHz. Various construction and tuning issues were resolved in 

this process and the design was completely analyzed for its performance.  The design goals were 

to be able to handle power up to 500 W without arcing, and to have an insertion loss no more 

than 1 dB.  

 

3.1.1 Conventional model of a band pass filter 

It is known that a pass band filter can be designed using LC circuits with lumped elements (π- 

models or T-model). The general circuits are as shown in figure 3.1. Figure 3.1 (a) shows the π- 

model filter and 3.1(b) shows a T-model filter. Both of these models are designed using the 

resonant frequency method [19].  Equation 3.1 can be used to determine component values for 

this design.  

 

These designs have many advantages one of which is particularly its size. These designs are very 

compact which is a big deal when it comes to filters. Also these designs do not (at least in 

principle) have any reentrant modes. But they work well only at lower frequencies. At radio 

frequencies, the lumped elements introduce self-capacitance and other parasitic effects. Hence, it 

is not ideal to use these for RF operations.  
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Figure 3.1(a) π- section filter 

 

                    H ---------- (3)                           F ---------- (4) 

          

                         H  ---------- (5)                       F----------(6) 

Equations 3.1 

 

where f1 and f2 = cut off frequencies in hertz  Z0 = characteristic impedance in ohms 

 

 

Figure 3.1(b) T-section filter 
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3.1.2 More RF and Microwave filters 

There are many other designs for a band pass filter that are commercially being used at a large 

extent. One of them is a comb line filter. This design is close to a direct coupled resonant filter. 

The tunability of center frequency and bandwidth are the two major parameters of a filter. Being 

able to tune is a big challenge. A comb line filter provides the user the flexibility to be able to 

adjust both the center frequency and the bandwidth using different varactors [20]. The figure 3.2 

shows a second order comb line filter design.   

Figure 3.2 Second order comb line filter  

 

Tubular filters are another type of commercial filters that are known for their high unloaded Q-

factor. These filters have broad stop bands with a very low insertion loss. These filters are 

tubular with coupled low pass sections and have capacitive spacers in between each section with 

low loss dielectric material.   

 

3.1.3 New model of pass band filter 

In this section the prototype filter designed by Dr. Ago Samosan is analyzed. The goal to be 

achieved first is to analyze the performance and then understand the working of the design. 

Figure 3.3 shows the picture of the 832 MHz filter. First in order to study the performance of the 

filter, it is first tested on a Vector Network Analyzer (VNA). Figure 3.4 shows the output on a 
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VNA. As we can see the insertion loss (S21) is -0.8 dB and the bandwidth is 33 MHz. Clearly it 

is a narrow pass band filter.  

 

 

Figure 3.3 832 MHz filter 

 

By observation it was found that the collars at the input and output of the filter act as series 

capacitors and the loops at the end of the coaxial cables act as inductors. As it is seen in figure 

3.4, these loops are shorted. The short splits the loops into two sets of parallel inductors 

connected in series. The equivalent circuit of this filter is shown in figure 3.5. The four inductors 

at the end of the coaxial cables and the series capacitors at the input and output of the filter are 

used to tune the filter for desired performance. The key elements of this model are two less-than-

quarter-wave, semi-rigid coaxial cables. These coaxial cables are designed such that they 

resonate at the required frequency. There are many other sources that have a detailed explanation 

on filter design and simulation [21].  

 

The performance of the equivalent filter model was evaluated for its center frequency, insertion 

loss and reflection coefficient. The model was then fine-tuned using the variable elements to 

understand their effect on filter’s performance. The simulated output is shown in figure 3.6. The 

red line is the reflection (S11) and the blue line is the insertion loss (S12). It is clear that the loss 

at 832 MHz is less than half a dB which is perfect for a filter. 
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3.2 Methods and materials  

3.2.1 Coaxial cables 

A coaxial cable is a multiple layered conductor. In general it consists of an inner conductor, a 

dielectric material and an outer shield [16]. Some have an outer layer of insulation. There are 

many types of coaxial cables such as rigid line, triaxial, semi-rigid, RG6, etc. For this application 

a semi-rigid coaxial cable was used as it has a solid outer conductor in comparison with a 

braided shield, giving it lower loss and greater mechanical stability.  

 

Other important parameters that are considered in a semi-rigid cable are its power specifications, 

relative permittivity of the substrate, inner and outer conductor diameters. For the filter, UT-250c 

coaxial cable from Micro-Coax was used as it has low attenuation. It has PTFE (Teflon) as its 

dielectric.   

 

 

Figure 3.4 832 MHz filter output 



33 

 

 

 

Figure 3.5 Filter circuit model 

 

Figure 3.6 832 MHz filter simulation 
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A partition was made on the shield near the input and output ports leaving the dielectric exposed. 

These two collars act as series capacitors as it was mentioned in the previous section. Figure 3.7 

shows the coaxial cable once it was cut. These two coaxial cables were arranged in series and 

placed side by side to make the filter more compact. In order to provide better coupling, two 

loops are made at the ends of the coaxial cables using the inner conductor and are connected to 

each other using a short conductor and these form the inductors in the circuit model. The size of 

the loops is not accurately calculated and designed. It should be big enough to provide sufficient 

coupling between the resonators.  

 

The length of the coaxial cables was determined using the equation 3.2:                          

Equation 3.2  

where         = length of the coaxial cable 

    λg = wavelength of the signal inside the dielectric  

                   c  = velocity of the wave 

                    = relative permittivity of the dielectric    

    f   = resonant frequency 

 

Figure 3.7 UT250C coaxial cable cut for a filter  
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Capacitance of a coaxial cable per unit length was determined using the expression [17]. 

 

                      

Equation 3.3  

 

where,     = Relative permittivity of the substrate  L = length of the coaxial cable 

    a = inner radius of the coaxial cable             b = outer radius of the coaxial cable 

 

3.2.2 Simulation 

In the earlier part of this chapter, the 832 filter was evaluated. Subsequently, a similar model for 

720 MHz was simulated. This was simple straight forward as all that has to be done was to 

change the resonant frequency and the simulator changes the length according to the quarter 

wave length. It was then fine-tuned by changing values of the capacitors and inductors to obtain 

an optimal passband filter output at 720 MHz as shown in figure 3.8. As in the 832 filter 

simulation, the red line indicates the reflection and the blue line indicates the insertion loss.  

 

3.2.3 Design of the filter 

As mentioned in the previous section, the key element of the design is calculating the lengths of 

the coaxial cable which define the center frequency of the filter. For 720 MHz, the length was 

calculated as follows: 

 

Frequency f= 720 MHz    

Wave propagation velocity    = 3*10^8 m/sec 

Relative permittivity    = 2.1 

On using equation 3.2,   = 66.12 mm 

 

The other parameters such as the separation between the shields at the input and output of the 

filter and the size of the loops at the ends of the coaxial cables were not precisely calculated. In 

order to derive appropriate values for these parameters, the 832 MHz prototype was used. As the 
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center frequency was lowered, in order to maintain optimal coupling, the size of the series 

capacitive collars and the loops at the ends of the coaxes were scaled up in proportion to the 

decrease in frequency.  

To illustrate, 720 MHz is 13.25 % lower than 830 MHz.  Some of the physical parameters have 

to be scaled up by 13.25 % as that is the percentage decrease in the frequency from 832 MHz to 

720 MHz and these parameters are linearly dependent. Therefore, the coaxial cables were 

designed with the measurements as shown in figure 3.9.  The inner conductors at the ends of the 

coaxial cables were made into loops a little larger than in the prototype to provide more 

coupling.  They were arranged side by side, in a series connection. Once they are in place, a 

small short was used to connect the loops.  

 

 

Figure 3.8 720 MHz filter simulation 
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3.2.4 Testing on VNA 

The basic functionality and usage of a vector network analyzer is described in section 2.2.6. The 

filter was initially tested for its s-parameters and the results were taken. At first, the measured 

filter response did not have the desired flat passband but rather showed two distinct peaks and a 

trough between them. In order to eliminate these peaks and achieve a flat passband, a two-step 

tuning procedure was used.  In the first step, the actual scattering data from the vector network 

analyzer was exported to the Eclipse simulation software. A Touchstone or .snp file contains the 

frequency dependent scattering matrix of an n-port network which can be used to reproduce it on 

RF and microwave simulators. This way the observed scattering matrix of the device under test 

was compared with the simulation. The values of components in the simulation were adjusted to 

match the measured scattering matrix. Further tuning of values in the model was then employed 

to improve the performance of the device as needed.  

 

 

Figure 3.9 Coaxial cable designed for 720 MHz filter 

 

3.2.5 Tuning the filter 

The key element for tuning this filter is the length of the coaxial cables. However, once the cable 

was cut the length could not be varied. Therefore, in order to fine tune the filter, other techniques 

were evaluated. Firstly, the length of the shield that forms series capacitors at the input and 

output of the filter is the parameter that affects the coupling of the filter. This value is determined 

at the time of cutting the coaxial cables and it can be changed by adding foil to the collars. The 

other parameters are the size of the loops made from the inner conductors at the ends of the 
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coaxial cables and the position of the short that is placed on these loops. These provide the actual 

coupling between the cables. Hence, changing the position of the short on the loops changes the 

interstage coupling between the coaxial cables. This is the easiest parameter to vary and was 

primarily the adjustment used to fine tune the filter.    

3.3 Results 

The filter once put together was tested for its performance by observing its insertion loss at the 

center frequency. Ideally, the short would be placed symmetrically between the loops. However, 

it was found that an asymmetric location for the short gave better performance.  Since the coaxial 

cables were heated to solder the loops, there is a good chance that the dielectric expanded more 

in one cable than the other. Therefore, the short was placed asymmetrically in order to 

compensate the asymmetrical cables.  

 

Figure 3.10 shows the output of the filter marked at its center frequency. As it can be seen in the 

figure, a small dip is produced before the center frequency. This one of the major issues that had 

to be resolved using the blackbox feature in the simulation software, Eclipse.  

 

 

Figure 3.10 Result of the 720 MHz filter 
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By adjusting the position of the short on the loops the dip could be reduced a little but there was 

no drastic improvement. By tuning the simulation to match the observed scattering parameters it 

was found that the dip was sensitive to the capacitance at the input and output of the filter. In 

order to increase the capacitance, two copper foils were added to the already existing collars on 

the coaxial cables. This reduced the dip and made the passband almost flat.  

 

Figure 3.11 shows the corrected output of the filter with the improved pass band. But as can be 

seen, isolation in the stop band is poor. This issue was because of stray coupling between the 

coaxial cables. To remove that, a copper shield grounded to one of the coaxial cables was used to 

make a partition between them. This reduced the coupling and hence improved the isolation in 

the stop band. Figure 3.12 shows the output of the filter with the shield installed. It can be seen 

that the isolation is improved.  

 

 

Figure 3.11 Output of the filter using a foil 
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3.4 Problems encountered  

Initially the coaxial cables had to be cut accurately and assembled without melting the Teflon 

dielectric in spite of the very high temperature required for soldering. The box was chosen such 

that the cut coaxial cables fit into it with an optimal amount of empty space left. Then holes were 

cut in the box for the RF connectors.  

 

 

Figure 3.12 Shield and coil corrected filter output 

 

The main issue to get the filter working was the soldering the coaxial cables together in the 

required arrangement. With less heat they do not solder together and with more heat the Teflon 

dielectric expands and melts. This makes the capacitive collars at the input and the output to 

expand changing their capacitance values.  
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Another challenge building the filter was that both the cables must be exactly identical.  It was 

difficult to assure that the lengths of the coaxial cables were exactly the same, the loops at the 

end of the cables were identical and the partition between the shields at the input and output 

ports were the same as well. As mentioned earlier, it is becomes very difficult to control the 

expansion of the substrate which changes all the above mentioned parameters.  The more 

asymmetrical they become, the more it affects the performance of the filter. 

 

One of the important aspects of a filter is to be able to tune it. The center frequency of this filter 

mainly depends on the length of the coaxial cables. In order to change their length requires the 

whole filter to be disassembled (de-soldering all the connections) which is a lot of work.  

3.5 Conclusion 

The aim of this part of the thesis was to explore the different approach for a narrow pass band 

filter using the reference filter provided to us. The filter design was studied in detail for its 

performance and tuning aspects using simulation and testing it over a VNA. The same design 

was used to implement a filter with center frequency at 720 MHz. This filter was again designed 

and tested for optimal performance. Various design and construction aspects were explored and 

finally it was tested on the 720 MHz superconducting magnet. The filter was operated using a 20 

msec pulses of 550 watts for every second. 
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APPENDIX A 

 ECLIPSE SIMULATION 

TLE23 2 0 3 4 L=0.195  Z=50  F=720  a=0.05 // Quarter wave coax  

 

TLE34 5 4 7 0 L=0.195  Z=50  F=720  a=0.05// Quarter wave coax 

  

L39  3 9    L=m // Inductor at the end of the coax 

L59  5 9    L=m// Inductor at the end of the coax 

L94  9 4    L=k// Inductor at the end of the coax 

L96  9 4    L=k// Inductor at the end of the coax 

 

C12 1 2  C=p// Series Capacitor at the input 

C34 7 8  C=p// Series Capacitor at the output 

 

S2P1011 10 11 0  720BPF.S2P  // Blackbox operation  

  

PORT 1 8 10 11 

 

Varibles:// Used to tune the filter 

k=958.93e-3 

m=2-k 

p=944.23e-3 
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