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 Nuclear Magnetic Resonance (NMR) is a RF technique that is able to detect 

any compound by sensing the excited resonance signals from atomic nuclei 

having non-zero spin. NQR is similar to NMR but the only difference is 

NMR needs a DC magnetic field and due to this its application in the field is 

limited. A FPGA based NQR spectrometer is designed using a single FPGA 

chip to perform the digital tasks required for NQR spectrometer. Design of 

Probe for NMR/NQR spectrometer is researched. Parallel tuned and series 

tuned Probes are discussed and simulated.14N NQR from NaNO2 is 

observed from spectrometer designed with parallel tuned probe. 
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1. INTRODUCTION 

Nuclear Quadrupole Resonance (NQR) is spectroscopy of nuclear energy levels resulting from  

the interaction of nuclear quadrupole moment with the electric field gradient in crystalline (non-cubic) solids. 

The nuclear energy levels pertaining to this interaction absorb and emit electromagnetic radiation in the RF 

range. In the pulsed NQR spectrometer, the sample is exposed to intense RF radiation of resonance frequency 

from which the nuclei absorb power. When the RF radiation is switched off the absorbed energy is radiated 

from the nuclei in a typical time constant (T2*) of few tenths of microseconds to a few milliseconds.  

The resonance frequency depends on both the quadrupole moment and the electric field gradient hence is 

a property of not only the nucleus but also of the material. For most of the organic crystals the resonance 

frequency lies below 10 MHz. 14N NQR frequencies for organic compounds like urea, NaNO2, RDX etc lies 

in the range of 1-5 MHz [1-3]. The explosive detection via NQR is also based on presence of 14N as all 

explosives usually contain nitrogen [4]. 

NQR is related to Nuclear magnetic Resonance (NMR) [5], which is also known by one of its 

applications, Magnetic Resonance Imaging (MRI). NMR is a spectroscopic technique which is used to detect 

the compounds by observing the resonance signal from atomic nuclei with non-zero spin inside  

the compound. As for NMR large magnetic field is required, its field application becomes limited and hence 

the NMR-based explosive detection systems are developed for luggage screening [6]. However, unlike NMR,  

the job of producing the spectroscopic energy levels in NQR is carried out by the crystalline electric field 

gradient and hence, NQR does not require a static magnetic field. 

Originally conceptualized and observed by I. I. Rabi [7], technology of NMR developed in 

instrumentation and theory along with the development of RF technology during the world war and later 

commercial instruments for observation of NMR and Magnetic Resonance Imaging (MRI) were available for 

various companies. NQR however remained as a specialized field and the development in this field was 
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limited to specialized applications like mine and drug detection.  The theoretical development in NMR is 

very advanced to the extent that NMR devices are being developed for quantum computing purposes [8]. 

The NQR working principles are similar to those of NMR. NQR differs with NMR only in the way 

nuclear magnetic moment and the external magnetic field interacts, where unlike NMR, NQR exploits  

the interaction between the electric quadrupole moment of nucleus and EFG that surrounds the nucleus. 

Therefore, NQR does not require an external magnetic field. Atomic nuclei with spin I>1/2, such as 14N  

(I=1), 17O (I=5/2),35Cl (I=3/2), 63Cu(I=3/2) possess a non spherical charge distribution (shape) and hence 

a quadrupole moment. In NQR, the electric quadrupole moment (denoted by Q) interacts with EFG of 

the non-cubic crystal site which, much like the Zeeman effect of NMR, results in the energy of the nucleus, 

depend on its orientation with respect to EFG. FPGA based pulsed NQR system is designed using parallel 

tuned probe [9]. Two type of probe circuits are available. Research was done on which type of probe to be 

used. This paper describes about the two types of probes and which to be used based on the study. 

 

 

2. FPGA BASED PULSED NQR SYSTEM DESIGN 

An NQR/NMR system[10, 11], in general, is composed of four sections, transmitter, probe, receiver 

and computer control as shown in Figure 1. The transmitter section is designed to excite the nuclei using 

a high power RF pulse; hence it is comprises of an RF source, a pulse programmer and a power amplifier. 

The receiver section is designed to receive weak signal following the strong excitation and it comprises of 

a preamplifier, detectors, filters. The computer control could produce the required pulse sequence for 

excitation of nuclei; however it is designed to acquire, digitize, store and process the data. In highly 

sophisticated commercial systems the computer control module runs the entire process. 

FPGA based pulsed 14N NQR spectrometer which is developed as a part of the work is explained 

in [12-14]. FPGA chip contains large number of programmable logic gates in which any of the digital circuits 

can be designed using hardware description languages like VHDL and Verilog. The digital tasks of this 

spectrometer like pulse programmer (PP), Direct Digital Synthesizer (DDS) [15, 16], digital 

demodulator [17], low pass Finite Impulse Response filter (FIR) [18] are designed using  single chip of 

FPGA. The analog peripherals such as cross diodes, pre-ampifier, quarter wave transformer and probe were 

also designed as part of this research. This paper explains the design and development of probe for 

the NMR/NQR spectrometer. 

 

 

 
 

Figure 1. Block diagram of pulsed NQR pectrometer 

 

 

3. NMR/NQR PROBE 

The job of an NQR probe is twofold. It is required to produce the RF magnetic field that is 

sufficiently strong to excite the nuclei and required to be sensitive enough to detect the weak signal after  

the excitation is complete. The most suitable probe circuit for this purpose is the tuned LCR tank circuit.  

The Figure 2 shows series and parallel tank circuits that can be used for this purpose. Since in the tuned 

condition, the tank circuits have extreme impedances (zero or infinity theoretically), the transfer of power 

into the coil as well as transfer of signal from the coil require additional components that could match  

the impedance of these circuit to the output/input impedances of the amplifiers. This is typically achieved by  
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making use of standard impedance configuration for the components in the circuit and matching the probe 

impedance to that value. The author has used 50 Ohm components where as 75 Ohm standard configurations 

are also available commercially. 

 

 

  
 

Figure 2. The parallel and series LC probe 

 

 

The Q factor of the tank circuit plays an important role in amplifying the exciting signal further. 

However this is both a boon and a bane as the voltages in the coil could easily go beyond the breakdown 

voltages of the various components of the circuit and result in breakdown or sparking etc.  So the probe needs 

to have a good insulation and need to use components with high voltage ratings wherever required. A coil 

always has a resistance associated with it and the same serves as a damping to the Q of the circuit. One may 

add additional resistances to the circuit in order to further dampen the Q or for the purposes of matching  

the impedance of the probe with rest of the electronics. The high Q is also associated with a long recover 

time (ringing) of the probe. Additional circuitry can be used in such case to switch the Q to dampen  

the ringing [19]. 

In most of the modern circuits, a single coil is used for both excitation of the nuclei and detection of 

signals. This poses some stringent requirement of the probes and additional circuitry to isolate the excitation 

and detection circuits.In some of the designs [20, 21] the transmitter and receiver coils are different, which 

simplifies the electronics and also makes it easier to optimize the independent requirements of both 

transmitter and receiver. However, mechanically, the cross coil arrangement is more complicated than  

the single coil system because a larger volume is required in the crossed coil arrangement. Moreover 

isolating the transformer coupling between the excitation coil and the receiving coil could be quite 

a challenge. 

Several designs have been proposed for NQR coil. For lab designed spectrometers, a simple 

solenoid is often employed, where the sample under study is placed inside the coil that enables the effective 

utilization of the magnetic fields. For field applications requiring the detection of chemical compounds, a flat 

pattern coil is often used. There are also some coil designs that provide more robust interference 

rejection [22]. In order to make the receiver configuration simpler, it is observed that the parallel tank circuit 

is more desirable for an NQR probe.  

The probe circuit has a coil and two variable capacitors. With the adjustment of capacitors the probe 

circuit is configured so that the tuning is achieved over the desired frequency range with an input impedance 

of the probe circuit at 50.The forward power generated by power amplifier is transferred to the probe, 

by matching the impedance of probe to 50 ohm. Also the signal generated by probe will be efficiently 

transferred to detection circuit as the probe impedance is matched to 50 ohm which is the input impedance of 

pre-amplifier.The two probe circuits , series tuned circuit and parallel tuned circuit are discussed here.  

The parallel tuned LC circuit impedance matched to 50 ohms with a series capacitor is shown in Figure 3. 

The capacitors are varied in order to tune the circuit to the resonance frequency and match the circuit to 50 

ohms for maximum power transfer from the transmitter. For the circuit shown in Figure 3. The impedance 

between A and C equals: 

 

ZAC =  ZBC +
1

jωCM
=

(R+jωL)/jωCT

R+jωL+1/jωCT
+

1

jωCM
 (1) 

 

=
 R

(1−ω2LCT)2+(ωCTR)2 + jω
L(1−ω2LCT)−CTR2

(1−ω2LCT)2+(ωCTR)2 +
1

jωCM
 (2) 
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Figure 3. Probe with parallel tuned circuit 

 

 

R is the resistance of coil at resonance frequency. Since the terms 𝐶𝑇𝑅2 and (𝜔𝐶𝑇𝑅)2 are very 

small and negligible, as shown in (2) can be simplified to: 

 

𝑍𝐴𝐶 =
 𝑅

(1−𝜔2𝐿𝐶𝑇)2 + 𝑗𝜔
𝐿

(1−𝜔2𝐿𝐶𝑇)
+

1

𝑗𝜔𝐶𝑀
 (3) 

 

In order to satisfy the matching condition the real part of (3) must be set to characteristic impedance 

of the connecting coaxial cable which is 50Ω by adjusting 𝐶𝑇  at fixed frequency: 

 
 𝑅

(1−𝜔2𝐿𝐶𝑇)2 = 50𝛺 (4) 

 

Thus,     𝐶𝑇 =  
1−√𝑅/50

𝜔2𝐿
 (5) 

 

In order to obtain resonance at same frequency imaginary part of (3) must be zero. Thus equating 

imaginary part of (3) to zero, we get: 

 

𝐶𝑀 =  
√𝑅/50

𝜔2𝐿
 (6) 

 

The probe circuit with series tuned LC circuit impedance matched to 50 ohms with a parallel 

capacitor is shown in Figure 4. 

 

 

 
 

Figure 4. Probe with series tuned circuit 

 

 

For the circuit shown in Figure 4 the impedance between A and C equals: 

 

𝑍𝐴𝐶 =
( 𝑅+𝑗𝜔𝐿+

1

𝑗𝜔𝐶𝑇
)∗

1

𝑗𝜔𝐶𝑀

( 𝑅+𝑗𝜔𝐿+
1

𝑗𝜔𝐶𝑇
)+

1

𝑗𝜔𝐶𝑀

 (7) 

 

𝑍𝐴𝐶 =
 𝑅𝐶𝑇

2

𝜔2𝐶𝑇
2𝐶𝑀

2𝑅2+(𝜔2𝐿𝐶𝑇𝐶𝑀−𝐶𝑇−𝐶𝑀)2 − 𝑗
𝜔2𝐶𝑇

2𝐶𝑀𝑅2+(𝜔2𝐿𝐶𝑇−1)(𝜔2𝐿𝐶𝑇𝐶𝑀−𝐶𝑇−𝐶𝑀)

𝜔2𝐶𝑇
2𝐶𝑀

2𝑅2+(𝜔2𝐿𝐶𝑇𝐶𝑀−𝐶𝑇−𝐶𝑀)2   
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R is the resistance of coil at resonance frequency. Since the terms (𝜔2𝐿𝐶𝑇𝐶𝑀 − 𝐶𝑇−𝐶𝑀)2very small 

and negligible, as shown in (7) can be simplified to: 

 

𝑍𝐴𝐶 =
 𝑅

𝜔2𝐶𝑀
2𝑅2 − 𝑗

(𝜔2𝐿𝐶𝑇−1)(𝜔2𝐿𝐶𝑇𝐶𝑀−𝐶𝑇−𝐶𝑀)

𝜔2𝐶𝑇
2𝐶𝑀

2𝑅2  (8) 

 

In order to satisfy the matching condition the real part of (8) must be set to characteristic impedance 

of the connecting coaxial cable which is 50Ω by adjusting 𝐶𝑇 at fixed frequency: 

 
 𝑅

𝜔2𝐶𝑀
2𝑅2 = 50𝛺 (9) 

 

Thus,     𝐶𝑀 =  
1

𝜔√50𝑅 
 (10) 

 

In order to obtain resonance at same frequency imaginary part of (8) must be zero. Thus equating 

imaginary part of (8) to zero, we get: 

 

𝐶𝑇 =  
1

𝜔2𝐿
 (11) 

 

 

4. DESIGN OF COIL 

The RF coil combines with matching circuit to form a resonant circuit, and works under the resonant 

state) [23]. Ideal coil should possess uniform RF field, good fill factor and high quality factor (Q). 

The amplitude of RF voltage which appears at the terminal of the tank circuit at resonance frequency is 

proportional to quality factor of the coil thus it is advisable to use coils with high Q factor [24]. The quality 

factor is known as Q value and it represents the ratio of inductive reactance and equivalent loss resistance. 

 

𝑄 =
2𝜋𝑓𝐿

𝑅
 (12) 

 

Where 𝑓 is the frequency, 𝐿 is the inductance of the coil, and R is the total loss resistance. 

The 𝑄 value is higher, the loss of the circuit is smaller, the signal amplification is stronger, the frequency 

selectivity is better, and frequency stability of resonant circuits is higher. However the bandwidth becomes 

very narrow at high 𝑄 resulting in excessive loss of useful signal spectral components and energy. 

Thus the key design of coil is the selection of 𝑄 and the range of the variable capacitors. Several coils were 

wound and tested. The one that was finally used for this work was with length to diameter ratio of two [25], 

is made out of 17 AGW copper wire and has 32 turns of 20 mm diameter of length 40 mm. 

Smith Software is used to find the range of inductance of coil with available capacitors 𝐶𝑇 and 𝐶𝑀 of 

(5 pF-125 pF). The capacitors used are high voltage (5kV) vacuum variable capacitors. According to 

inductance, the coil diameter and the length of turns, the turns of the coil winding were calculated by 

induction calculation software. The coil was designed and made mechanical stable by potting its turns in 

resin based adhesive (Araldite ®). The inductance of the coil is 8 H. 

 

 

5. DESIGN OF PROBE 

For observing 14N NQR signal from NaNO2 (NQR Frequency =4.64MHz) and L = 8 H. The value 

of capacitors for parallel tuned circuit probe as per (5) and (6) are CT=126.4pF , CM= 20.8pF ,Also simulated 

using Smith software as shown in Figure 5 the values of CT and CM are 126.5pF and 20.7 pF respectively. 

The value of capacitors for series tuned circuit probe as per (10) and (11) are CT=147 pF, CM= 4.85 nF. 

Also simulated using Smith software as shown in Figure 6 the values of CT and CM are 151.8pF and 

4.8 nF. The parallel tuned LC circuit probe looks fine for the work as values of capacitances are matching to 

values of available capacitors. The values of capacitors in series probe are not as per the ratings of available 

capacitances and also the size of variable capacitor of range in nF is too large. For a current pulsed NQR 

spectrometer parallel tuned circuit probe with coil of 8 H was developed and photo is shown in Figure 7. 

The probe circuit is shielded inside an aluminum box and is well grounded to reduce the noise. The coil is 

made mechanically stable by binding its turns using a resin based adhesive (Araldite ®). The forward power 

is maximised and reflected power is minimised by tuning and matching of the probe. The forward and 

reflected power is observed by directional coupler built in the transmitter. Figure 8 shows the plot of 

impedance of probe versus frequency. 
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Figure 5. Smith chart and schematic of probe with parallel tuned circuit obtained from smith software 

 

 

 

 

 

Figure 6. Smith chart and schematic of probe with parallel tuned circuit obtained from smith software 

 

 

  
 

Figure 7. Photograph of parallel tuned circuit 

probe 

 

Figure 8. impedance of  probe vs frequency. horizontal axis 

is frequency in MHz, vertical axis in left is Z_probe in 

ohms,vertical axis in right is phase in degrees 
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6. RESULTS 

6.1. 14N NQR signal 

FPGA based NQR spectrometer using parallel tuned probe circuit was designed and developed. 

It was used to observe 14N NQR signal from NaNO2. Figure 9 shows the 14N NQR signal. The observation 

frequency is 4.642 MHz where as the signal is off resonant by about 2500 Hz resulting in oscillatory NQR 

signal. RF excitation pulse length of 20 μs and power of 120 W was used for excitation. The pulse length is 

selected such that it is a 𝜋/2 pulse, to get maximum amplitude of NQR signal. 

 

 

 
 

Figure 9. 14N NQR signal from NaNO2 

 

 

7. CONCLUSION 

An FPGA based pulsed NQR spectrometer is explained in this paper. The entire digital task required 

for spectrometer such as Pulse Programmer, DDS, Digital Receiver, a low pass FIR filter and data acquisition is 

developed in FPGA. Also, the analog peripheral components such as pre-amplifier, cross diodes, quarter 

wave transformer and parallel tuned probe were designed and developed. Series and parallel tank circuits 

were simulated. The simulation shows that range of variable capacitors required for parallel tuned circuit are 

of lower range (so easily available) as compared to that required for series tuned circuits.  
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