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Abstract 

Driven by the many of Nuclear Magnetic Resonance (NMR) spectroscopy applications, 

there is an ever-increasing demand for high-throughput NMR receivers to accelerate the 

speed and reduce the cost of the NMR spectroscopy. The envisaged solution by the industry 

is to employ significantly stronger static magnetic fields to achieve higher signal-to-noise 

ratio (SNR). However, this demands for the system to operate at proportionally-higher 

frequencies to satisfy the Larmor equation and to be able to shrink the receiver µcoil size 

(hence, fit higher number of parallel receivers in the same space) without the loss of SNR. 

Despite the benefits, a higher frequency of operation introduces several challenges in the 

design of the receiver's transducer (i.e., µcoil) and the readout circuitry (i.e., tuning, 

matching, and amplification circuits).  

We present the design and optimization of an electromagnetic Radio Frequency 

(RF) µcoil along with the readout circuitry both integrated on the same silicon-based 

platform for fabrication in a standard 0.35-µm complementary metal-oxide-semiconductor 

(CMOS) technology. In the design of the µcoil, all the important electrical and physical 

parameters that could affect the NMR spectroscopy's overall performance are analytically 

identified and taken into account. Additionally, the readout integrated circuit is designed 

to be compatible with a wide range of on-chip and off-chip µcoils. The circuit architecture 

and the design procedure proposed for the readout circuit are adaptable to any frequency 

of operation. 

The presented integrated system consists of two channels enabling simultaneous 

NMR spectroscopy, and has no practical limitations for channel scaling. To the best of our 
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knowledge, this design is the first CMOS-based NMR receiver operating at 500 𝑀𝐻𝑧. 

While all components are designed and optimized for this frequency, the presented design 

procedures for both the µcoil and the readout circuits are applicable to higher frequencies. 
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Chapter 1 

Introduction 

 

 

 

 
1.1. An Introduction to Nuclear Magnetic Resonance 

Spectroscopy 

Molecular structural elucidation is an initial step in the analysis of material properties [1]. 

The structure of the molecule is closely related to its properties, therefore exploring the 

structure of novel or pre-existing molecules is important in scientific and manufacturing 

processes [2]. Spectroscopic measurements, x-ray crystallography, and electron 

microscopy have been widely used to obtain molecular information [3][4][5], with the 

latter two being inferior to spectroscopy when it comes to measuring three-dimensional 

structure of molecules as well as providing unique insights on dynamics and intermolecular 

interactions [6].  

Among spectroscopic aids researchers have at their disposal, nuclear magnetic 

resonance (NMR) and microwave spectroscopy are the two major tools [7], with the former 

being the most versatile of all spectroscopic techniques and is used for the study of a wide 
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range of materials including liquids, solids, and solutions [7].  NMR spectroscopy is a 

powerful technique to conduct bimolecular analysis that determines molecular composition 

and structure of samples. It has been widely deployed in a variety of applications across 

different fields including chemistry [8], physics [9], biology [10], material science [11], 

and biochemistry [12]. The detection of NMR signal was first reported in 1945 by two 

groups, one at Stanford University, and the other one at Harvard University. Soon after, 

due to the ability of performing non-destructive chemical analysis to determine molecular 

structure faster and simpler than previous analysis methods, NMR analysis was started to 

be used in almost every chemistry laboratory [13]. Another advantage of this method, is 

the capability of measuring spin-to-spin coupling, a measure of atomic interaction within 

the molecule.  MRI, an imaging modality widely used in the clinics as a standard of care is 

an example of an application of NMR (MRI is a multidimensional NMR imaging) [13].   

Other applications of NMR spectroscopy/manometry/imaging include monitoring 

chemical reactions in solutions as it provides detailed kinetics and mechanistic information 

[14], observing mixing different samples in-situ [15], as well as detecting component of a 

chemical sample in vivo [15], and  determining the purity of a sample, and monitoring 

biological samples [16]. 

This chapter starts with explaining the principles of NMR spectroscopy and the way 

it operates, followed by a conclusive literature review on the state-of-the-art NMR 

spectroscopy devices. The chapter ends with defining the system-level design 

specifications and discuss the main objectives and implementation challenges of this work. 
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1.2. NMR Principles 

NMR is a physical phenomenon based on the absorption and re-emitting of weak Radio 

Frequency (RF) electromagnetic signals produced by the sample’s nuclei in the presence 

of a strong static magnetic field. NMR spectroscopy aims to monitor the local magnetic 

field around the nuclei that is responsible for changing the resonance frequency. Due to the 

uniqueness of this field for each chemical compound, this technique allows us to learn 

about details of the molecule structure, or to identify complex molecules inside a sample. 

[17].  

A simplified illustration of an NMR spectroscopy system is shown in Figure 1-1. 

As shown, a typical NMR system consists of: (1) a giant primary magnet creating a uniform 

strong constant magnetic field (𝐵0), (2) an excitation coil, connected to a pulse generator, 

creating a weak oscillating magnetic field (𝐵1), and (3) a sample holder comprised of (3.1) 

a receiving/detection coil connected to a spectrometer, working as the transducer, (3.2) a 

substrate for holding the sample in the proximity of the receiving coil, (4) a tuning and 

shimming circuitry Built with a number of capacitors, inductors, and resistors, (5) a 

spectrometer, and (6) a computer for  displaying/processing the recorded data.  
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Figure 1-1 A simplified illustration of the NMR spectroscopy system (electrical components 

are not shown here for simplicity). 

 

An NMR spectroscopy system works in two modes: excitation and relaxation. 

During the excitation mode an external current is applied to the excitation coil creating a 

weak oscillating magnetic field (𝐵1). Excitation mode leads to changes in the sample’s 

magnetization and nuclear spin orientation. then the external current is turned off, hence 

eliminating B1, effectively starting the relaxation mode. In this mode, the re-emitted 

signals generated due to the sample’s nuclear spin reorientation, contains valuable 

information about the sample structure that should be extracted [18].  
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When a sample experiences a strong static magnetic field (𝐵0 ), all the spins of the 

paramagnetic nuclei orient in the same direction as the 𝐵0  with the Larmor angular 

frequency of   

     𝜔0 =  𝐵0 × 𝛾,               (Eq. 1.1) 

where γ is the nuclear gyromagnetic ratio that is specific to the atom (e.g., for H nuclei 

(proton) γ is about 42.58, and for C it is about 10.71) [19]. The Larmor frequency is defined 

as the rate of the magnetic moment orientation changes in the presence of an external 

magnetic field and is specific to each nucleus. 𝐻1  and 𝐶13  are the most NMR active nuclei 

in organic chemistry resulting in H NMR spectroscopy and C NMR spectroscopy. Due to 

the abundance of the 𝐻1 , which is 99.9%, the H NMR spectroscopy, also called as proton 

NMR spectroscopy is widely used [20]–[24]. In this spectroscopy, spectrum shifts indicate 

the neighboring atoms of Hydrogen, and the amplitude of the signal shows the number of 

corresponding atoms. For this aim, the Larmor frequency of the H NMR spectroscopy 

device is set by the Larmor frequency of the 𝐻1 . 

During the excitation mode, the RF signal responsible for creating the weak 

oscillating magnetic field (𝐵1) is generated at the Larmor frequency. 𝐵1, which is 

perpendicular to 𝐵0 , changes the sample’s nucleus spins orientation and rotates them with 

an angular velocity of   

           𝜔1 = 𝛾 × 𝐵1.                                   (Eq. 1.2) 

Therefore, at the end of the excitation mode (assuming it takes 𝜏 seconds), sample’s nucleus 

spins obtain an angle of  
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          𝜃 = 𝛾 × 𝐵1 × 𝜏,                       (Eq. 1.3) 

 with respect to their first orientations.  

When the excitation is over, meaning  B1 = 0 (relaxation mode), all the sample 

spins go back to their equilibrium positions (because of  𝐵0 ) and due to this reorientation, 

they emit the energy they have obtained during excitation [25]. As a result, based on the 

Faraday’s law, if an inductor (i.e., the detection coil) is placed in the proximity of the 

sample, an electromotive force will be induced in it. This energy is then transduced by the 

detection coil, and the resulted signal, which is called free induction decay (FID), is sent 

to a spectrometer to extract its frequency-domain spectral information [26]. The shifts in 

the spectrum due to the local environment and spin-to-spin coupling carries information on 

the spins distance and provides information on the molecular structure [19]. The amplitude 

of the FID signal can be calculated by 

      𝑆 = 𝜔0 × 𝑀0 × 𝑉𝑠 × 𝐵𝑢 ,                   (Eq. 1.4)                

in which 𝑉𝑠 is sample volume, 𝐵𝑢 is field per unite current of the detection coil, and 𝑀0  is 

the macroscopic magnetization created by 𝐵0  and calculated as 

       𝑀0 =
𝑁𝑠 (𝐼+1)𝐼𝛾2ħ2𝐵0 

3𝐾𝐵 𝑇
,                        (Eq. 1.5)     

where 𝑁𝑠  is the density of spins, 𝐼 is the nuclear spin, ħ is the Plank constant, 𝐾𝐵 is the 

Boltzman constant, and 𝑇 is the sample temperature.  Macroscopic magnetization is the net 

magnetic moment per unit of a sample in a given region, caused by all the individual 

microscopic nuclear magnetic moments [27][28].  
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To achieve a higher spectral resolution at the output, a stronger FID is required. 

The spectral resolution determines the maximum number of spectral peaks that the 

spectrometer can resolve. Better spectral resolution results in a more precise sample 

structure extraction, since the shifts in the frequency spectrum are more distinguishable.   

Based on Eq. 1.4, the FID magnitude is directly proportional to Bu . As a result, the NMR 

spectroscopy spectral resolution could be improved by making the detection coil's Bu 

stronger and more uniform. Aside from 𝐵𝑢 , a larger 𝐵0 and sample volume, as well as a 

lower temperature, all increase the magnitude of the FID [16][29]. In parallel with 

improving FID magnitude, a high signal-to-noise ratio (SNR) is required to achieve better 

resolution. Higher SNR means having stronger signal with less noise. So, increasing SNR 

leads to receiving a bigger signal with lower noise by the spectrometer, enable us to detect 

weak signals coming different atoms in a sample, therefore improving the resolution. 

Device spin sensitivity is another contributing factor in the spectral resolution [30]. The 

spin sensitivity is defined as the number of spins generating a SNR of one, i.e., 
𝑁0

𝑆𝑁𝑅
=

𝑁𝑠𝑉𝑠

𝑆𝑁𝑅
 

(
𝑠𝑝𝑖𝑛𝑠

√𝐻𝑧
) [31]. A coil with lower sensitivity achieves higher SNR with smaller number of 

spins. This is particularly useful for spectroscopy with low concentration samples, such as 

biological macromolecules spectroscopy analysis [30]. 

A commercially-available NMR spectroscopy system is shown in Figure 1-2. In 

this picture, all the described components are housed in the cylindrical shape structure. The 

main contributing factor in the size of the device is the need for a giant magnet to generate 

the huge static magnetic field. Other factors effecting the size of the device are a cooling 

chamber of liquid Helium and liquid Nitrogen for maintaining the device temperature, an 
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external shimming circuit consisting of coils for adjusting the magnetic field homogeneity 

to parts per billion (ppb) in a volume of a few cubic centimeter, and an external tuning  

 

Figure 1-2 An actual NMR spectroscopy system [32] 

 

circuit containing of capacitors and resistors for setting the frequency and output 

impedance of the NMR system. 

 

1.2.1. Signal-to-Noise Ratio (SNR) 

A known drawback of NMR spectroscopy is its inherent SNR [33]. It is calculated as 

    𝑆𝑁𝑅 = (𝑀0𝑉𝑠𝜔0) (ŋ
𝑈(

𝐵𝑖
𝑖

)

√4𝐾𝐵 (𝑇𝑐𝑅𝑐+𝑇𝑠𝑅𝑠)∆𝑓
),                (Eq. 1.6) 

where ŋ is the filling factor, U is the detection coil magnetic field uniformity, 𝐵𝑖 is the 

detection coil magnetic field, 𝑖 is the detection coil current,  𝑅𝑐 is the detection coil 
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resistance, ∆𝑓 is the bandwidth of the readout circuitry, and 𝑇𝑠𝑅𝑠 is related to the sample 

thermal noise. 

Among the parameters in Eq. 1.6, some are constants (e.g., 𝑇𝑐 , 𝐾𝐵 ) and some are 

out of our control (e.g., 𝑇𝑠). As expected from our discussion in the previous section, 

increasing 𝐵0 (hence, 𝑀0) will improve SNR. This is the main reason that NMR systems 

are physically massive [27]. With a small sample size, sample thermal noise is negligible. 

As a result, although SNR is directly proportional to the sample volume, but it also 

inversely related to the sample noise. Subsequently, increasing sample size does not 

necessarily improve SNR. Moreover, small sample size means consuming less material, 

both in terms of sample and the associated miniaturized detection coil, which as discussed 

in the next part improves the NMR spectroscopy system. Also, small amount of sample is 

advantageous when dealing with low concentration samples such as biological analysis. 

Eq 1.6 also suggest that decreasing the detection coil resistance (𝑅𝑐) improves the SNR. 

Moreover, increasing the detection coil magnetic field uniformity enhances the SNR. 

Considering this and the importance of 𝐵𝑢 as discussed previously, indicate the importance 

of the detection coil's design geometry. 

 

1.2.2. Spin Sensitivity 

Another crucial factor in spectral resolution, besides SNR, is the spin sensitivity of the 

NMR spectroscopy system. As mentioned above, spin sensitivity is defined as the number 

of spins generating SNR of one. Lower spin sensitivity means that fewer number of sample 

spins are required to generate the desired SNR. There are several ways to enhance this 

sensitivity. Similar to SNR, sensitivity is improved by increasing static magnetic field 
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magnitude (𝐵0). This approach requires giant bulky magnet. The other approach is using 

dynamic nuclear polarization in which the sample is doped with a stable paramagnetic 

polarizing agent, then irradiated with microwaves to transfer the high polarization in the 

electron spin reservoir to the nuclei under scrutiny [15], [29], [34]–[36]. This method 

enhances the overall sensitivity of the system by altering the energy levels of the nuclei of 

interest rather than manipulating the NMR device itself, and subsequently is not a part of 

NMR device design workflow [37].    

Another way to improve sensitivity is employing precise and efficient sensory 

probe and system [38]. This could be achieved in different ways such as optimizing 

detection coil size, optimizing detection coil parameters to reach a better quality factor, and 

boosting the performance of the electronic readout circuit connected to the detection coil 

in terms of input-referred noise, amplification gain, and bandwidth. More specifically, the 

spin sensitivity is directly related to the coil’s diameter. For a solenoid coil with a diameter 

less than one mm, the coil sensitivity, defined as the magnetic field generated by the coil 

when a unit current is flown in, is calculated by  

𝐵𝑖

𝑖
=

µ𝑛

𝑑𝑐𝑜𝑖𝑙√1+
ℎ𝑐𝑜𝑖𝑙
𝑑𝑐𝑜𝑖𝑙

,             (Eq 1.7)  

where µ is the permeability of the sample, n is the number of turns, 𝑑𝑐𝑜𝑖𝑙 is the coil 

diameter, and ℎ𝑐𝑜𝑖𝑙 is the coil length. The coil resistance when 𝑛 ≫ 1 and 𝑑𝑐𝑜𝑖𝑙 ≫ 𝛿 (skin 

depth) is calculated by  

𝑅𝑐 =
3𝜌𝑛2𝑑𝑐𝑜𝑖𝑙𝜉

2ℎ𝑐𝑜𝑖𝑙𝛿
,             (Eq 1.8)  
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where δ accounts for proximity effects from neighboring wires. Eq. 1.6, Eq. 1.7, and Eq. 

1.8 leads to the following equation [39]. 

        𝑆𝑝𝑖𝑛 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 ∝  
𝑁𝑠𝑉𝑠

𝑆𝑁𝑅
∝  

𝑑𝑐𝑜𝑖𝑙

𝛾𝑊
7
4

 ,                               (Eq 1.9) 

Based on the Eq 1.9, the spin sensitivity is directly proportional to the coil diameter, 

meaning that smaller coils outperform their larger counterparts in terms of spin sensitivity. 

 It should be noted that if only the detection coil size decreases while maintaining 

the sample size, the filling factor would be degraded. Filling factor is a measure of the 

fraction of the coil volume occupied by the sample [27]. The best sensitivity can be 

achieved by a filling factor of one in which the sample and the detection coil are of the 

same size, so the coil only detects magnetic field variations due to the sample, while no 

part of the sample being outside of the coil's sensitivity region. If filling factor is smaller 

than one (i.e., sample is smaller than the coil) in addition to sample, air and other material 

above the coil affect the results, and if it is bigger than one (i.e., sample is bigger than the 

coil), only the part of the sample which is above the coil and exposed to its magnetic field 

could be detected.  So, aside from the coil, sample should be downsized as well. 

Besides the obvious benefit of reducing the required material, another advantage of 

shrinking the detection coil size is the fact that it allows for using an array of NMR probes 

in one system, which enables increasing the NMR spectroscopy system's overall 

throughput. Consequently, in the recent years, using micrometer-scale coils (a.k.a. μcoils)- 

for NMR applications have been widely investigated [40]–[44]. Olson et al have shown 

that the NMR sensitivity could be improved by using a high-resolution µcoil and (beside 
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consuming less sample) in comparison with a 5 𝑚𝑚 conventional NMR coil 

(5 𝑛𝐿 compared to 278 µ𝐿) [45]. Grimes et al. presented that using a detection µcoil 

enhances the NMR sensitivity for metabolomic studies compared to 5 𝑚𝑚 conventional 

NMR coil [40]. Fratila et al.  showed that using a µcoil integrated on a microfluidic chip 

with a sample volume of 25 𝑛𝐿 can detect various nuclides in a wide range of Larmor 

frequencies from 61 to 400 𝑀𝐻𝑧 [41]. Fugario et al. evaluated different planar µcoils on 

a fish egg and concluded that using a µcoil increases SNR compared to a 5 𝑚𝑚 standard 

coil. They also demonstrated that single-cell NMR would be feasible in the near future 

using planar µcoils , which has the potential to provide rich insight on individual cells [42]. 

  

1.3. NMR Spectroscopy Types 

NMR spectroscopy systems could be categorized by the strength of the external magnetic 

field 𝐵0 , as well as the frequency in which they operate, i.e., the Larmor angular frequency. 

Based on this categorization, three types of NMR spectroscopy systems exist. (1) High-

Frequency NMR, (2) low-frequency NMR, and (3) zero-field NMR. 

High-frequency NMR works in the range of 220 − 1000 𝑀𝐻𝑧 , and uses a very 

strong static big magnetic field ( 𝐵0 = 5 to 24 𝑇) [26], [46]. Low-frequency NMR, which 

is also called benchtop NMR, works in the range of 21 − 100 𝑀𝐻𝑧 and uses a static 

magnetic field in the order of 0.5 to 2 𝑇 [47], [48]. The zero-field NMRs use the earth 

magnetic field only [35], [49]. The chemical shifts in the zero-field NMR spectrum are in 

the order of a few millihertz and usually are not resolved. High-frequency NMRs offer a 

better SNR than low-frequency ones, as predicted by the Eq. 1.6. This advantage comes at 
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the cost of a few major drawbacks/limitations including: (1) physical size of the system, 

due to the larger static magnetic field, (2) vulnerability of the giant magnet to physical and 

chemical properties of the environment and requiring high-technology material and 

techniques for maintaining the magnet properties, (3) requiring more complex 

spectroscopy readout systems due to operating at higher frequencies, (4) higher cost (both 

for the development and maintenance). 

Given the pros and cons of both low-frequency and high-frequency NMR, and the 

trade-off between frequency and system size/complexity, choosing high-frequency NMR 

at the cost of higher system complexity is justifiable whenever high SNR NMR 

spectroscopy is desired. Especially, in the case of high-throughput NMR devices, high SNR 

outweighs the importance of the size, price, and complexity of the design. For example, in 

a 100-probe NMR spectroscopy device, the cost, size, and design complexity of the device 

vary slightly with a 1-probe NMR system. On the other hand, a 100-probe device enables 

the simultaneous analysis of 100 samples in a single run, resulting in saving time and cost 

considerably. Accordingly, in this project, a high frequency NMR spectroscopy is preferred 

over the low frequency one.  

 

1.4. Conventional NMR spectroscopy Systems 

The overall structure of an NMR spectroscopy system was introduced in section 1.2. In 

addition to the coils and magnets that were discussed in the last few sections, the system 

also has a tuning and shimming circuitry mainly consisting of capacitive parts to set the 

detection coil-capacitor resonance frequency to the Larmor frequency while matching the 

NMR device output impedance to a 50 Ω coaxial cable connected to the spectrometer. 
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Typically, the sample is inserted from the top of the shielded NMR system, while the probe 

(i.e., the detection coil and shimming/tuning circuitry), pulse generator, and spectrometer 

connections are routed through the bottom outlet. 

In the conventional NMR spectroscopy systems, discrete passive probes are used. 

These probes include one millimeter-scale RF detection coil, and a passive tuning and 

matching circuitry. The detection coil size varies for different works reported in literature, 

with 5𝑚𝑚 being the most common one. Despite their simple structure which makes them 

suitable for various applications, these probes have a few practical limitations, especially 

when we want to increase the number of detection coils to achieve higher NMR 

spectroscopy throughput. The first challenge is finding discrete electronics components for 

the tuning and matching circuit with no or little ferromagnetic property, so that the 

magnetic field has a minimal effect on their functionality, and also, they have minimum 

influence on the uniformity of the magnetic field [50]. Another practical issue is the 

physical size of the discrete components attached to these probes, which makes the probe 

placement in the highly-constrained space inside the NMR system challenging [51]. These 

challenges might not be as serious when using a single probe, but the main issue with the 

discrete passive probes is their scalability. For boosting the throughput of the NMR 

spectroscopy system, meaning scaling a single-probe to multi-probe system for enabling 

capability of multi-sample per run, the physical size and ferromagnetic components of 

these probes become the main bottleneck. This is perhaps the main reason that the 

currently-available NMR systems do not offer many-probe high-throughput spectroscopy. 

So, these limitations led designers to move to the next generation of probes. 
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1.5. CMOS-based NMR Spectroscopy 

To overcome the drawbacks of discrete probes design and implementation of the detection 

coil and its associated electronic components using a standard complementary metal-oxide-

semiconductor (CMOS) process has been investigated over the past two decades [29], [50], 

[52]–[54]. A CMOS-based implementation allows for significant coil size reduction, 

which, as discussed previously, results in decreasing the sample size, hence a better filling 

factor, which leads to a higher SNR [27]. More importantly, by using the CMOS 

technology (especially, the sub-micron nodes), we can integrate thousands of passive and 

active electronic components on a mm-scale silicon die, allowing us to miniaturize the 

entire readout circuit (as well as additional optional signal processing blocks). The small 

form factor of the electronic blocks also has the benefit of minimizing the magnetic field 

distortion. Additionally, fabrication of an integrated CMOS-based probe, particularly in 

large quantities,  requires significantly lower cost and time [50].  

Another advantage of an integrated CMOS-based solution is the design flexibility 

and the degree of freedom it offers in designing the matching and tuning, and readout 

circuits. By leveraging the sub-𝜇m size of integrated switches (i.e., transistors) in CMOS 

technology, the electronic circuits used for any of the above tasks could be dynamically 

tuned after fabrication, to account for any changes caused by process, voltage, or 

temperature variations. Therefore, unlike the discrete design where the components are 

fixed and there is very little room for design flexibility, using integrated circuits allow for 

post-fabrication tuning and adjustment of almost all circuits. Similarly, the low cost of 
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additional active components allows for employing structures to isolate the impedance 

matching and frequency tuning blocks as shown in [48].  

Driven by this, several studies have been conducted on the feasibility of utilizing 

CMOS integrated circuits for low- and high frequency NMR probes (also called as NMR 

receiver). Figure 1-3 shows a typical implementation of CMOS-based probes in a 

conventional NMR spectroscopy system. As shown, the main difference with a 

conventional NMR spectroscopy system is the detection coil and its associated circuit, and 

the giant static magnetic field and the excitation signal generation are the same. The figure 

also shows that the sample holder and the microchip (hosting the detection µcoil and all 

electronic circuits) mounted on a printed circuit board (PCB) and are sandwiched together, 

and are placed in the system's excitation coil. All connections to the external spectrometer 

are made through the PCB. It should be noted that in some designs, only the electronic 

circuits are integrated on a CMOS chip which is connected to an off-chip µcoil [29], [48], 

while in some others both the coil and the electronics are implemented on-chip [52], [53], 

[55].  

While an off-chip µcoil allows for higher number of turns, thus a better quality 

factor, a fully on-chip solution (i.e., both coil and the circuits implemented on the chip) is 

generally preferred mainly because (1) the detection coil and the circuits are connected 

together through a short on-chip conductor, therefore, the signal attenuation before 

reaching the readout circuit is significantly smaller compared to the case with an off-chip 

detection coil where the signal has to travel through the packaging and I/O connection  
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Figure 1-3 NMR spectroscopy system. (a) A simplified block diagram of the NMR 

spectroscopy system. (b) Cross-view illustration of the inside of the sample-holder consisting of the 

µcoil, CMOS chip, and sample. (c) An isometric view of the off-chip µcoil connected to the CMOS 

chip. 

 

before reaching the first stage of readout circuitry; (2) in the solution with an off-chip coil, 

the bond wires connecting the on-chip circuitry to the detection coil are long enough to 

affect the detection coil's effective inductance and negatively impact its sensitivity and 

SNR [53].   

The first fully integrated NMR probe was reported in 2001 by Boero et al. with the 

NMR system that had a static magnetic field (𝐵0) in the range of 0.7-7 𝑇. The size of 

detection coil was in the range of a few millimeters, hence not considered a µcoil. There 

was also no internal matching circuitry in this design [29]. The spectral resolution was 

reported to be unacceptable for most of the spectroscopic applications. Reducing electronic 

noise, improving the detection coil quality factor, and adding a matching circuitry were the 

proposed methods to improve the poor obtained resolution. The first fully integrated multi-

channel system (i.e., multiple detection coils working in parallel) was introduced by Anders  
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Table 1-1 A comparison on CMOS NMR receivers 

References 
Technology 

(µm) 

Frequency 

(MHz) 

On-chip 

blocks 
#Channels 

Spin 

sensitivity 

(
𝑺𝒑𝒊𝒏

√𝑯𝒛
) 

Area         
(𝒎𝒎 ×

𝒎𝒎) 

[53] 0.13 IBM 300 
Coil, Tuning 
cap, LNA, 

Mixer, IF amp 

1 5 × 1014 
0.95
× 0.8 

[52] 0.35 300 

Coil, Tuning 

cap, LNA, 

Mixer, AF 

amp 

1 - 
1.2
× 0.85 

[54] 0.13 2P6M 300 

Coil, LNA, 

mixer, AF 

amp, amp 

(+transmitter) 

1 1.5 × 1013 1 × 1 

[31] 0.13 IBM 300 

Tuning cap, 
LNA, Mixer, 

IF amp, Driver 

stage 

1 2 × 1013 
350
× 450 

[48] 0.8 AMS 85.13 
Tuning cap, 

LNA, Buffer 
1 - 

> 1
× 1 

[55] 0.35 AMS 300 

Coil, Tuning 

cap, LNA, 

Buffer 

8 1015 1 × 2 

[29] 0.5 350 
Coil, RF amp, 
mixer, AF amp 

1 - 
10
× 10 

[56] 0.13 300 
Coil, Tuning 

cap, LNA 
3 - 1 × 2 

[50] 0.13 300 

Coil, LNA, 

Mixer, AF 

amp 

1 - 
1.1
× 1.1 

  

et al. for parallel spectroscopy at 300 𝑀𝐻𝑧 [55]. The matching circuitry was implemented 

on-chip in this work and the detection coil occupied an area of 520 µ𝑚 × 520 µ𝑚. 

While earlier NMR systems used separate coils for excitation and detection, in 

recent years, there have been several reports of using the same coil for both tasks [50], [54]. 

In these systems, the electronic circuits connected to the coil should be capable of both RF 

signal transmission and reception by using switches. Since the coil changes its role during 
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the operation, a switch connects it to the applicable circuitry designed for RF transmission 

(Tx) and reception (Rx). In designing the mode-switching circuit, it is critical that the Rx 

and Tx circuit blocks are fully isolated from each other [54]. 

Table 1.1 summarizes the NMR systems with an on-chip integrated probe 

implemented with a wide range of coil sizes, technologies, and frequency of operation. 

 

1.6. Motivations 

There is a never-ending effort by the NMR spectroscopy system manufacturers to improve 

their technology's throughput and SNR. As explained in this chapter, this requires (1) better 

magnets to create the strongest possible static field (𝐵0), and (2) integrating as many NMR 

receivers (i.e., coil + readout circuitry) in one system as possible. A stronger 𝐵0 translates 

into a higher Larmor frequency. It is also well known that the quality factor of sub-mm-

scale coils increases with increasing frequency [57], [58]. In other words, by increasing the 

frequency of resonance, a physically smaller coil can yield the same desired quality factor. 

Both these points suggest that increasing the NMR spectroscopy's throughput is contingent 

on the development of an end-to-end procedure for the design and performance 

optimization of NMR receivers at a high frequency in the UHF band. 

 

1.7. Objectives and challenges 

The objective of this thesis is to present an end-to-end design procedure for an integrated 

high-throughput high-frequency NMR spectroscopy receiver. This is done by design and 

optimization of all the components in the NMR spectroscopy receiver, including the µcoil 

and the integrated read-out circuitry. For this purpose, the µcoil is designed and optimized 
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considering all the performance metrics such as SNR, spin sensitivity, quality factor, 

inductance, resistance, coil sensitivity, filling factor, and magnetic field uniformity. For the 

read-out circuit to be scalable, the adaptability of the tunning circuit to different µcoils and 

frequencies is considered. Moreover, the low noise amplifier is designed to achieve the 

required gain, bandwidth and noise performance, while requiring the lowest power 

consumption and area to maximize the throughput of the NMR spectroscopy.  

This integrated NMR receiver is designed for a commercially-available 500 𝑀𝐻𝑧 

NMR spectroscopy device (Bruker), but it provides a platform for scaling the NMR 

receiver to higher frequencies.  Although high-frequency NMR spectroscopy has higher 

sensitivity, the associated circuitry is more complicated. Besides more complex circuitry, 

in higher frequency, parasitic elements play a major role and should be taken into account. 

Moreover, to the best of our knowledge, all of the studies in the CMOS NMR are done in 

300 𝑀𝐻𝑧 and lower frequencies, and this is the first NMR CMOS receiver working in 

500 𝑀𝐻𝑧.  

In the next chapter, the detection µcoil design, optimizations, and simulation results 

are presented. In chapter 3, the front-end circuitry, its system and circuit level designs, 

layout and post layout simulations and results are described. Finally, chapter 4 includes a 

conclusion of the work, contributions, the immediate next steps as well as long-term future 

directions for this research. 

 

 



21 

 

Chapter 2 

Design and Optimization of an On-chip 

Detection µcoil  

 

 

As described in the previous chapter, an integrated NMR system consists of two main parts: 

(1) An RF detection µcoil which operates as the electrical transducer, and (2) a readout 

circuit for amplifying the signal received from the µcoil before passing it on to the 

spectrometer. Each part plays an important role in achieving a high-sensitivity high-SNR 

NMR spectroscopy and should be individually optimized. In this chapter, the role of the 

µcoil and the design methods used to optimize the structure for achieving highest NMR 

spectroscopy performance are discussed. The design, implementation, and simulation 

results of the readout circuitry are presented in the next chapter. 

 

2.1. Desired Specification 

As previously mentioned, having a micrometer-scale detection coil (µcoil) is desired for 

highly-sensitive high-throughput mass-limited NMR systems [59]. On the other hand, a 

smaller coil and, and as a result a smaller sample, causes a lower voltage to be induced on 

the coil when it is exposed to a magnetic field, as analytically shown in Eq 1.4. To mitigate 
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this problem, a higher sensitivity of the coil is required. Sensitivity is defined as the 

magnetic field generated by the coil when a unit current is flown in it, and is calculated as, 

                                               𝐵𝑢 =
𝐵𝑖

𝑖
                                                  (Eq 2.1) 

 as shown in Eq 2.2 (same as Eq. 1.6 in Chapter 1, but the sample’s thermal noise 

is neglected in this equation due to the small sample consumption in µcoil probe.), the 

NMR spectroscopy's SNR is dependent on several parameters that are grouped into three 

sections. The first section which is related to the static magnetic field's strength and the 

sample's volume was discussed in the previous chapter. The third group is related to the 

noise contributed by the readout circuitry and will be discussed in the next chapter. The 

second group of parameters are all dependent on the detection coil and its structure (as 

labeled in the equation). Here, ŋ represents the filling factor, U is the coil magnetic field 

uniformity, 
𝐵𝑖

𝑖
 represents the coil sensitivity, Tc is the coil temperature, and 𝑅𝑐 is the coil 

resistance.  

                                 𝑆𝑁𝑅 = (𝑀0𝑉𝑠𝜔0) (ŋ
𝑈(

𝐵𝑖
𝑖

)

√𝑇𝑐𝑅𝑐
) (

1

√4𝐾∆𝑓
).                           (Eq 2.2) 

      Magnet & sample-related    Coil-related      Front-end-circuit-related 

Consequently, having a high SNR, highly sensitive NMR receiver requires an 

optimal µcoil design. 

 

2.1.1. Coil Impedance and Quality Factor 

Based on the Eq 2.2, SNR is proportional to the coil resistance (𝑅𝑐), which represents the 

noise generated by the coil. Therefore, decreasing 𝑅𝑐 improves the overall NMR system's 
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SNR. Accordingly, the coil's quality factor (Q), which is defined as “the ratio of the coil 

reactance to its resistance” and calculated by Eq 2.3, 

                 𝑄 = 𝜔
𝐿

𝑅𝑐
,                                            (Eq 2.3) 

 

should be maximized. In Eq. 2.3, ω (
𝑅𝑎𝑑

𝑆
) is the frequency, and 𝐿 is the inductance. A high 

𝑄 indicates a high SNR from another perspective as well. Since the coil's inductance is 

directly related to 𝐵𝑖, as shown in Eq 2.4). 

𝐿 =
1

𝜇0
∫ 𝐵𝑖

2𝑑𝑣,
𝑎𝑙𝑙 𝑠𝑝𝑎𝑐𝑒

                                     (Eq 2.4) 

where µ0 is the vacuum permeability, increasing L (which is embedded in Q) indirectly 

improves the SNR. Both above points argue that for a higher overall system SNR, the coil 

must be designed to have the maximum quality factor. Having high quality factor also 

relaxes the design requirements for the readout circuitry as will be discussed in the next 

chapter. 

 

2.1.2. Strength and Uniformity of the Coil’s Magnetic Field  

According to Eq 1.4, the coil's magnetic field (𝐵𝑢) is a contributing factor in the FID signal 

amplitude, and a stronger magnetic field improves the FID signal, hence the SNR and 

sensitivity. This motivates for a larger coil inductance, which is against what we have 

argued previously (i.e., having a smaller coil being desired for high sensitivity, filling 

factor, etc.). The trade-off suggests that the coil area can be made smaller as long as it still 

generates an FID signal that is above the input-referred noise level of the readout electronic 

circuit. While the minimum inductance for the detection coil is reported in some works in 
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the literature, there are works such as [60], [61], where authors have decided to report the 

generated magnetic field by the coil for 1 𝐴 current, which is in the range of 10 to 14 𝑚𝑇. 

This number can be converted to the inductance using Eq 2.4. 

The uniformity of the magnetic field produced by the µcoil is another important 

factor that affects SNR and sensitivity (shown by “U” in the Eq 2.2). Despite its importance 

and its direct impact on the system's SNR, we could not find any quantitative metric in the 

literature that is used to specify the design requirement for this parameter. Nonetheless, as 

discussed later in this chapter, we have considered uniformity in our coil design as one of 

the key parameters and tried to maximize it for our final design 

 

2.2. Important Performance Metrics in Coil Optimization 

Different types of µcoils are being used as detection coil in NMR systems including 

solenoid µcoils [47], [62]–[64], planar µcoils [26], [46], [60], [65]–[71], stripline µcoils, 

Helmholtz µcoils, and microslots [64], [72]–[75]. Among these, planar ones are compatible 

with the CMOS technology. More recent sub-micron CMOS technology nodes have been 

shown to be suitable for fabrication of planar µcoils in small sizes (i.e., sub-mm radius) by 

offering several metal layers with different thicknesses. Using multiple metal for physical 

implementation of the µcoil allows for limiting the coil area and perimeter to fixed desired 

values while increasing the inductance and quality factor by adding more spiral routings in 

a second or third layer. Moreover, fabrication of the spiral planar µcoil is the most 

straightforward amongst all type of coils, because of a layer-by-layer fabrication technique 

which is the typical method in MEMS fabrication [76].  
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On the other hand, planar µcoils have lower sensitivity and SNR compared to 

solenoid µcoils due to their high resistance and low quality factor [64], [65].  Although 

planar µcoils have less sensitivity than solenoid ones, it is shown that they can be used in 

the NMR system with high SNR. In 1997, J. E. Stocker showed that a multi-turn square 

planar µcoil can be used for high SNR by optimizing the turns and sample position [68]. 

Knowing that planar µcoils are capable of having high quality factor, are compatible with 

CMOS technology, and are easier to fabricate and consume less space have drawn attention 

to planar µcoils in recent years [42], [47], [65], [68], [69], [77], [78] 

Increasing the metal thickness is one way to increase the planar µcoil’s quality 

factor [79], [80]. This is the main reason that planar coils are generally implemented in top 

metal layers which have higher thickness. Other reasons that lower metal layers are not 

used for coil implementation is their inherent higher metal resistivity, which causes Q 

reduction, and the fact that lower metal layers are typically used for active circuit 

implementation and their routings. While thickness is more or less fixed in CMOS 

technologies by the fabrication house, there are other geometrical parameters of the coil 

that we could optimize during the design to achieve high quality factor. This includes the 

number of turns, the width of each turn, the shape of the µcoil, the material, the distance 

between the turns, the number of layers, and how the turns in different layers connect to 

each other.  

 

2.2.1. µcoil Architecture 

As mentioned, CMOS technology offers multi-layers µcoils.  The number of metal layers 

varies depending on the technology; for example, in 0.35-µ𝑚 Austria Micro System 
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(AMS) technology which we have used in this work, only four metal layers can be used, 

while in TSMC 0.13-µ𝑚, 8 layers are available. Depending on how many layers are used 

for coil implementation, the number of turns in each layer, and how these turns and layers 

are connected together, different categories/architectures of on-chip spiral µcoils could be 

implemented, as described next.  

 

 Serial Stacked Coil (SSC) 

In this category, as shown in Figure 2-1(a), multi-turn spiral structures are routed in 

different layers and then connected to each other in a series fashion using vias (a via is a 

conductive connector that is used in CMOS technology to connect structures in different 

metal layers together). Due to their structure, they allow for many turns (hence, high 

inductance), but suffer from high resistance. For a µcoil implemented in 𝑚 layers, each 

with 𝑛 turns, the total resistance is simply calculated as (ignoring the via resistances)  

                 𝑅𝑐 = ∑ ∑ 𝑅𝑗,𝑖
𝑛
𝑖=1

𝑚
𝐽=1                                   (Eq 2.5) 

 

 Differential Stacked Coil (DSC) 

In this category, as shown in Figure 2-1(b), multi-turn spiral structures are routed in 

different layers but divided in half. In each layer, the half-spiral is connected to the layer 

above in a series fashion using vias. Unlike SSC, this structure has the benefit of low 

resistance due to its parallel structure [81]. For a µcoil implemented in 𝑚 layers, each with 

𝑛 turns, the total resistance is simply calculated as (ignoring the via resistances)  

       𝑅𝑐 = ∑ (∑
1

𝑅𝑗,𝑖

𝑛
𝑖=1 )−1𝑚

𝐽=1                        (Eq 2.6) 
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Figure 2-1 4-turns 3-layers square (a) SSC, and (b) DSC µcoils. 

 

 

Figure 2-2 A DSC coil structure in HFSS software [82]. 
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According to Eq 2.5 and 2.6, DSC µcoils have lower resistance compared to SSC 

ones for the same inductance, hence have higher quality factor. Therefore, in this work, we 

have used DSC structure to achieve a higher quality factor.  

 

2.2.2. Geometrical Shape 

The circular-shaped coils create one of the most uniform magnetic field among other coil 

shapes because of their rotational symmetry [83]. However, in the CMOS technology, it is 

not possible to have an exact curve, hence implementing a perfectly circular µcoil is not 

feasible. With a square-shaped coil being simplest for design and fabrication, and worst in 

terms of uniformity, and a circular coil being the opposite, a polygon shape with > 4 sides 

seems to be the best option. instead, the coil should have a polygon shape. The more sides 

a polygon has, the more similar it is to the circular coil and the magnetic field would be 

more uniform. In this thesis, an octagonal shape is chosen so a better magnetic field 

uniformity could be achieved while the limitations of CMOS in terms of layout precision 

are also met. 

 

2.2.3. Material and Thickness 

Some materials are NMR compatible, meaning that they barely manipulate NMR output 

signals due to their intrinsic characteristics. Magnetic susceptibility of a material is the 

most critical property for determining whether it is NMR friendly or not, which defines the 

degree of the magnetization of a material in response to an applied magnetic field [84]. 

Any mismatch in the magnetic susceptibilities of the materials used in the NMR system 

leads to a broader NMR signals in the spectrum, hence decreasing the spectral resolution 
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and SNR. Among all the materials, copper (Cu) is one of the best options to be used in an 

NMR system, with the  magnetic susceptibility of  −9.63 × 10−6  [85]. 

As discussed earlier, thick metal layers in the µcoil increase the SNR [79]. So, 

besides material, the thickness of metal layers should be considered when choosing the 

CMOS technology node for on-chip implementation, since the layers thickness is 

technology specific. For standard CMOS, once the technology node is chosen, the material 

and thickness of the metal layers in a CMOS chip are fixed (certain special non-standard 

processes might offer special post fabrication metallization options). So, the best CMOS 

technology is the one that offers thick copper metal layers. A slightly less important factor 

for choosing the technology is the number of available metal layers. More layers give the 

opportunity of having more configurations for the µcoil in the limited space with more 

turns which could be beneficial. However, as will be shown, we typically end up using 

only the top 2-to-3 layers for coil implementation and adding more layers beyond these 

numbers tends to have a negative impact on the Q. 

Among the CMOS technologies offered by the Canadian Microsystem Corp 

(CMC), the best available technology was the AMS 0.35-µ𝑚. This technology node offers 

four metal layers, which includes a thick Aluminum top layer.  

 

2.2.4. Configurations and Number of Layer 

Considering that four metal layers are available, 15 different configurations could be 

imagined for coil implementation, i.e., (4
1
) + (4

2
) + (4

3
) + (4

4
) = 15  where ( 4

𝑚
) is the 𝑚-

combination of 4 layers. 
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As will be described in next few subsections, based on our ANSYS High-Frequency 

Structure Simulator (HFSS) simulations [82], the best overall configuration is achieved by 

using the second, third, and fourth layers (from the bottom) of the 0.35-µ𝑚 CMOS chip. 

 
 µCoil Layer-stack Configuration Optimization Using HFSS  

For choosing the best configuration of the layers, all the 15 configurations were simulated 

using Ansys HFSS and based on the achieved quality factor, magnetic field strength and 

uniformity the best one has been chosen. For this purpose, fifteen 4-turns octagonal µcoils 

with inner diameter (ID) of 500 µ𝑚, wire width (WW) of 20 µ𝑚, and turn distance (TD) 

of 20 µ𝑚 with different layers (based on each layer’s average thickness given by the CMC) 

has been simulated. Then their Q, 𝐵𝑧,𝑚𝑒𝑎𝑛 (magnetic field strength in z axis), 
𝐵

√𝑅𝑐
 

(proportional to the SNR), L, and 𝐵𝑧,𝑚𝑒𝑎𝑛’s STD (standard deviation to show magnetic 

field uniformity) are compared in our operating point, i.e., 500 𝑀𝐻𝑧, since the accessible 

NMR system is working in this frequency. Additionally, the magnetic field uniformity in 

4 different heights from the coil’s surface are compared. Simulation results from a subset 

of the 15 possible combinations that had better overall performance are presented in Table 

2.1 and figures 2-3 to 2-6 below. 
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Table 2-1 Comparing the electrical characteristics of µcoils developed using different layer 

configurations 

Layer 

configur

ations  

𝑩𝟏𝒁−𝒎𝒆𝒂𝒏 

(T) 
𝑹𝒄 (Ω) 

𝑩𝟏𝒁−𝒎𝒆𝒂𝒏

√𝑹𝒄

 Q L (𝒏𝑯) 
𝑩𝒛,𝒎𝒆𝒂𝒏’s 

STD 

1-layer 

(4) 
0.00286 1.2910 0.0025 3.1867 0.6547 0.2182 

2-layer 

(1,4) 
0.00786 3.2307 0.00437 5.0850 2.6146 0.3022 

2-layer 

(3,4) 
0.00618 3.4808 0.0033 4.8212 2.6709 0.3105 

2-layer 

(2,4) 
0.00907 3.2910 0.0049 5.0429 2.6413 0.3081 

3-layer 

(1,2,4) 
0.01024 7.2252 0.0038 5.4970 6.3212 0.3146 

3-layer 

(2,3,4) 
0.01051 7.4743 0.0038 5.4929 6.5342 0.3269 

4-layer 0.01810 18.3064 0.0042 5.0062 14.5859 0.3653 

 

 

Figure 2-3 Magnetic field strength in the XY plane on the Surface: (a) Four-layer, (b) Three-

layer (2,3,4), (c) two-layer (3,4), and (d) one-layer (4). 
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Figure 2-4  Magnetic field strength in the XY plane 2030nm above the Surface: (a) Four-

layer, (b) Three-layer (2,3,4), (c) two-layer (3,4), and (d) one-layer (4). 

 

Figure 2-5 Magnetic field strength in the XY plane 3030nm above the Surface: (a) Four-

layer, (b) Three-layer (2,3,4), (c) two-layer (3,4), and (d) one-layer (4). 

 

Figure 2-6 Magnetic field strength in the XY plane 4030nm above the Surface: (a) Four-

layer, (b) Three-layer (2,3,4), (c) two-layer (3,4), and (d) one-layer (4). 

  

Based on these simulation results, the best configuration for quality factor is using 

layers 2,3, and 4 while the best magnetic uniformity is for using 4-layers, but it is only 
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slightly higher than the 3-layers (2,3,4). This means that a 3-layer coil implemented in the 

second, third, and fourth layers is the best option overall. 

 

2.2.5. Number of Turns 

As shown in the equation below, the coil inductance, and subsequently the magnetic field, 

is directly proportional to the number of turns, 

                                           𝐿 = 𝑁
𝛷

𝐼
.                                                 (Eq 2.7) 

Increasing the µcoil’s number of turns also leads to a more uniform magnetic field, 

of course, at the cost of higher ohmic impedance. Based on the Eq 2.3, a higher L and 𝑅𝑐 

increases and decreases the Q, respectively. This suggests that there is an optimum number 

of turns for the best quality factor for each coil.  

 

 Optimizing the µcoil’s Number of Turns in Each Layer 

One of the most important limitations of µcoil design is its size. The entire integrated NMR 

probe (i.e., the µcoil and the readout electronic circuits all integrated on a chip) is placed 

in a small cylinder in the NMR device, so the space is limited for the whole chip. Having 

a multi-channel receiver in such a small space limits the area even more for each channel’s 

µcoil. Here, considering practical limitations of the NMR systems used by our collaborator 

(Bruker), we decided for the total area of about 500 µ𝑚 × 500 µ𝑚 should be dedicated to 

each µcoil.  

Based on this area limitation, the number of turns, the inner diameter, the trace 

width, and the distance between traces are all inter-dependent and restricted. For 

optimizing the number of turns the same approach as in section 2.2.4.1, is taken. Based on  
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Table 2-2 Comparing different number of turns in one layer 

#Turns 𝑯𝟏𝒁−𝒎𝒆𝒂𝒏 

(A/M) 

𝑩𝟏𝒁−𝒎𝒆𝒂𝒏 

(T) 

𝑹𝒄 (Ω) 𝑩𝟏𝒁−𝒎𝒆𝒂𝒏

√𝑹𝒄

 
Q L (𝒏𝑯) STD 

3 10185.9298 0.0128 4.6961 0.005906 3.8881 2.9060 0.4109 

4 10077.0077 0.012663 4.4531 0.006001 4.1438 2.9368 0.4418 

5 9845.7649 0.012372 4.2089 0.006031 4.3228 2.8957 0.3968 

6 9806.8877 0.012323 4.1276 0.006066 4.4230 2.9102 0.3888 

7 9886.8749 0.012424 4.3182 0.005979 4.3194 2.9686 0.3942 

8 9898.5754 0.012439 4.5124 0.005856 4.1716 2.9960 0.3908 

9 10012.4987 0.012582 4.7966 0.005745 3.9935 3.0487 0.3955 

10 10154.4517 0.01276 4.8730 0.00578 3.9921 3.0961 0.3830 

 

 

Figure 2-7 Magnetic field strength in the XY plane 2030nm from the surface for different 

number of turns. (a) 3-turns. (b) 4-turns. (c) 5-turns. (d) 6-turns. (e) 7-turns. (f) 8-turns. (g) 9-turns. 

(h) 10-turns. 

these results presented in Table 2.2 and Figure 2-7, the best number of turns in each layer 

for our area restriction is 6. 
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2.2.6. Inner Diameter, Trace Width, and Spacing 

The inner diameter, the traces width and spacing should also be optimized for the best 

overall performance, considering CMOS layout rules and the available space. For this 

purpose, we conducted numerous simulations by sweeping over different ranges and steps 

for inner diameter, wire width, and turn’s distance considering the total space of  

500 µ𝑚 × 500 µ𝑚 with 6 turns, and CMOS design rules. 

First, the inner diameter is set, which cannot be larger than 150 µm due to the space 

limitation. Based on the result, a larger inner dimeter leads to a higher quality factor, so the 

inner diameter of 150 µ𝑚 was chosen. Considering the total area of 500 µ𝑚 × 500 µ𝑚, 

with inner diameter of 150 µ𝑚, and 6 turns, wire width and turns distance were even more 

constrained. For optimizing these two parameters, initially a large range with big steps 

were chosen and simulated, then based on the results, range and steps were gradually 

narrowed down and eventually after many iterations the best WW and TD were selected, 

which are 14 µ𝑚 and 5 µm, respectively.  

Among the discussed parameters, besides inner diameter which also defines the coil 

area and is limited, number and configuration of the layers have the most influence on the 

results for several reasons. First, it contributes to the total number of turns hence assist in 

having higher number of turns in a limited space. Secondly, the layer configuration 

determines layers effect on each other and the distance among them. Finally, the chosen 

layers also lead to the metal thickness in each layer which as described, is one of the most 

effective parameters to improve the µcoil quality factor. 
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2.3. Characterization of the Final µcoil Design 

Based on the HFSS simulations, we found a 6-turn octagonal µcoil with wire width of 

14 µm and turn distance of 5 µ𝑚 to be the most optimized design for the outer diameter of 

518 µm and using the second, third and fourth layers of the CMOS chip. The final µcoil 

structure is shown in Figure 2-8. 

 

Figure 2-8 (a) Top view of the designed µcoil in HFSS, showing wire width and turn 

distance.  (b) Simulated magnetic field strength in the XY plane 2030 nm above the Surface. 
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Figure 2-9 Inductance vs frequency diagram of the µcoil. 

 

Figure 2-10  The Isometric-view of the coil (pink) and the substrate (light gray).  

 

As shown in Figure 2-9, the designed µcoil’s self-resonance frequency (SRF) is 

2.6457 𝐺𝐻𝑧, which is higher than our operation point (i.e., 500 𝑀𝐻𝑧, but considering 
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shifts in the NMR spectrum a bandwidth of 100 𝑀𝐻𝑧 is of interest of our collaborator. So, 

the operation frequency is in the range of 450 – 550 𝑀𝐻𝑧). This means that for our targeted 

range of frequency, the coil will indeed work as an inductor. self-resonance frequency is 

the frequency at which the parasitic capacitance of the coil resonates with the inductance 

of the coil creating a very large impedance in a way that the coil works as an open circuit. 

The quality factor, the inductance, and the resistance of the designed µcoil is measured to 

be 4.7188, 2.902 𝑛𝐻, and 3.8642 Ω, respectively, and the generated magnetic field is 

12.46 𝑚𝑇 at 1 𝐴 current. 

 

2.4. µcoil Optimization Considering the Substrate 

In the previous section the µcoil was simulated and optimized in the air. But, in real-world 

CMOS technology metal layers are placed on top of a semiconductor substrate which is 

typically Crystalline silicon (c-Si). Additionally, as part of the fabrication process, on top 

of the top metal layer, one or two passivation layers (e.g., oxide or nitride) are formed, 

mainly to protect the internal semiconductor devices.  

Here the designed µcoil is simulated in the new environment to find the effect of 

this change in the final results. The substrate has a thickness of 4705 nm and is considered 

to be Silicon dioxide. Also, two passivation layers with the thickness of 1000 nm and 1030 

nm respectively is added to the simulations. 

As it is shown above, the changes are considerable. So, for having more accurate 

results in real world, all the optimization described in sections 2.2.4.1, 2.2.5.1, and 2.26 

were repeated considering metal layers on the substrate and passivation layers. 
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Based on the simulation results, a 6-turn octagonal µcoil with the width of 12.5 µ𝑚 

and distance of 3 µ𝑚 is the optimal design for an outer diameter of 480 µm and using the 

second, third and fourth layers of the CMOS chip. The final µcoil structure is shown in 

Figure 2-11. 

Table 2-3 The effect of adding substrate on the µcoil performance 

Properties Q L (𝒏𝑯) R (Ω) 

Coil in the air 4.7188 2.9021 3.8642 

Coil in the substrate 4.2229 3.2095 4.7753 

Changes from air -0.4959 +0.3074 +0.9111 

Changes from air 

(%) 

-10.5090 +10.5923 23.5780 

 

Figure 2-11 (a) Top view of the designed µcoil in HFSS with a wire width of 12.5µm, and 

turn’s distance of 3µm. (b) Simulated magnetic field strength in the XY plane 2030 nm above the 

Surface. 
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Figure 2-12 Inductance vs frequency diagram of the µcoil. 

 

 

Figure 2-13 Quality factor vs frequency diagram of the µcoil. 
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The updated µcoil self-resonance frequency (SRF) is 1.325 𝐺𝐻𝑧, which is higher 

than our operation range of frequency.   

 Also, as shown in Figure 2-13, the highest Q in the inductive range is achieved 

near 500𝑀𝐻𝑧. Although the highest Q has not been achieved at exact 500 𝑀𝐻𝑧, but this 

quality factor is the biggest quality factor achieved at 500 𝑀𝐻𝑧 among all the combinations 

for the coil (even those with the highest Q peak at 500 𝑀𝐻𝑧). The highest peak is above 

SRF, where the coil has a capacitive behavior rather than an inductance one.  

The quality factor, inductance, and resistance of the designed µcoil are 4.4701, 

3.1726 𝑛𝐻, and 4.4594 Ω, respectively, and the generated magnetic field is 12.84 𝑚𝑇 at 

1 𝐴 current. 

 

2.5. µcoil Simulation in the Presence of a Sample 

For having more realistic results, the µcoil (with substrate) is simulated in the presence of 

distilled water sample. The sample is modeled as a half sphere shape with a diameter equal 

to the µcoil’s outer diameter, as shown in Figure 2-14.  
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Figure 2-14 (a) 3D cross-view, (b) button-view, and (c) isometric-view of the coil (gray) and 

the sample (blue). 

Table 2-4 The effect of adding sample on the µcoil electrical characteristics 

Properties Q L (𝒏𝑯) R (Ω) 

Coil + substrate 4.4701 3.1726 4.4594 

Coil + substrate + sample 4.2822 3.2304 4.7400 

Changes -0.1879 0.0578 0.2806 

Changes (%) -4.2035 1.8218 6.2923 
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    Table 2-5 The effect of sample diameter variations on the µcoil characteristics 

OD (um) L (𝒏𝑯) Q R (Ω) 

300 3.2302 4.2848 4.7368 

320 3.2302 4.2738 4.7489 

340 3.2305 4.2816 4.7408 

360 3.2302 4.2821 4.7398 

380 3.2305 4.2785 4.7442 

400 3.2299 4.2783 4.7435 

420 3.2316 4.2832 4.7406 

440 3.2315 4.2753 4.7491 

460 3.2293 4.2829 4.7376 

480 3.2304 4.2822 4.7400 

 

The effect of adding and varying the sample on the µcoil characteristics are shown 

in the Table 2.4 and 2.5, respectively. As expected, the changes are not significant. Also, 

changes in characteristics are partly due to the limited precision of the HFSS software, even 

with the highest mesh configuration. 

 

2.6. Comparison with the State-of-the-art 

Table 2.6 compares the final result of the described µcoil optimization with the state-of-

the-art integrated CMOS-based µcoils.  

Figure 2-15 shows the final µcoil design laid out in Cadence (using the AMS 

0.35um kit) for integration with the readout electronic circuits described in the next chapter. 
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A summary of the electrical and physical characteristics of the coil are also reported in the 

figure.  

Table 2-6 CMOS µcoils 

References F 

(MHz) 

Area 

(µ𝒎 × µ𝒎) 

Shape #Turns Q Technology 

(µm) 

Uniformity 

[53] 300 345 × 345 Square 10 3.5 0.13 N/M 

[54] 300 - Octagonal 22 <1.

69 

0.13 N/M 

[31] 300 345 × 345 Square 10 - 0.13 N/M 

[55][52] 300 520 × 520 Square - 8 0.35 N/M 

[29] 350 2000 × 2000 2-squares 12 3.25 0.5 N/M 

Our work 500 480 × 480 Octagonal 18 4.47 0.35 Yes 

N/M = Not mentioned 

 

 

Figure 2-15 µCoil layout in the cadence and its characteristics. 
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Chapter 3 

Design and Characterization of the 

Readout Circuit 

 

 

To complete the NMR spectroscopy probe, the µcoil designed and optimized in the 

previous chapter must be connected to a readout circuit. The purpose of this circuit is to 

amplify the induced signal from the µcoil to increase its signal to noise ratio before passing 

it to the spectrometer. Despite all the optimization steps taken in the µcoil design, the 

induced signal on the coil is still quite weak (i.e., low SNR). Without signal amplification 

(i.e. direct connection of the µcoil to the spectrometer via a cable), the signal will be drawn 

in the noise and interference coupled onto it along the way. The readout circuit may have 

different sub-circuits depending on the specific system requirements, but the common 

elements in most of the studies are (1) a tuning and matching circuitry, (2) a low noise 

amplifier (LNA), (3) an interfacing block between the readout circuit and the spectrometer. 

This block in some systems is a down-converting mixer circuit [31], [52]–[54], and in some 

other designs is a high-frequency wideband voltage buffer with an output impedance  
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Figure 3-1 Readout Front-end circuit system-level design. 

 

 matched to the resistance seen looking into the coaxial cable between the spectrometer 

and the miniature NMR probe [48][55].   

In this work, our circuit consists of a tuning circuitry, an LNA, and a buffer and is 

designed to support two NMR receiving channels. The system-level design of the front-

end circuit is shown in Figure 3-1. 

In this design, the first channel includes the readout circuitry and an on-chip µcoil 

which is the one that is designed in chapter 2, and the second channel only consists of the 

readout circuitry and works with an off-chip µcoil. This allows for (i) testing the readout 

circuit separate from the coil, (ii) comparing the results of an on-chip coil with and off-

chip one, (iii) multi-channel testing. 

The front-end circuit for the first channel is designed based on the µcoil describe in 

chapter 2, and for the second channel is designed based on an off-chip µcoil designed by 

our collaborator's group (Dr. A. Simpson, NMR facility, University of Toronto) but is also 
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flexile to be used by other off-chip µcoils that their physical and electrical characteristics 

are not significantly different from their µcoil. 

In this chapter, we will present the design, physical layout development, and post-

layout simulation results for both these channels. 

 

3.1. Tuning and Matching Circuitry 

The µcoil is connected to an LNA, through a tuning circuitry that sets the operation 

frequency. Having a parallel capacitor (C) that resonates with the µcoil inductance (L) at 

the Larmor frequency  𝑓0 , along with an LNA with infinite input resistance would 

minimize the noise figure of the µcoil and LNA together [25]. The noise figure of a 

component shows the SNR degradation caused by the component itself in the signal chain. 

So, for the LNA to have a small noise figure, and less effect on the input signal due to its 

noise, it should have lower input referred noise power spectral density (
𝑣𝑛,𝐿

2̅̅ ̅̅ ̅̅

∆𝑓
)  than the coil’s 

noise power spectral density (
𝑣𝑛,𝑐

2̅̅ ̅̅ ̅̅

∆𝑓
) after travelling through the tunning circuit. Here, we 

consider for the tunning circuit to be a passive network with voltage transfer function of 

𝐻(𝜔) which includes the LNA’s input impedance (𝑍𝐿𝑁𝐴) effect, and α is defined as 𝛼 =

 𝐻(𝜔𝐿). If the passive network’s noise is negligible, the coil ‘s noise power spectral density 

after travelling through it is measured by 𝛼2 𝑣𝑛,𝑐
2̅̅ ̅̅ ̅̅

∆𝑓
 . As described, if  𝛼2 𝑣𝑛,𝑐

2̅̅ ̅̅ ̅̅

∆𝑓
≫

𝑣𝑛,𝐿
2̅̅ ̅̅ ̅̅

∆𝑓
, the LNA 

noise figure is small. Therefore, maximizing the passing network gain (α) and minimizing 

LNA input referred noise power spectral density both improve the noise figure, hence 

improving the SNR. The latter will be discussed in section 3.2, while the former is related 
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to the tuning circuit. For increasing α, an LNA with infinite input impedance is required 

since any finite impedance will lower the voltage at the passive network output (we should 

keep in mind that 𝑍𝐿𝑁𝐴 is considered in 𝐻(𝜔)). For the passive network, a capacitive 

network is considered as shown in Figure 3-2 (b). In this network for maximizing the gain, 

𝐶2 is set to be infinite to be short circuited. 𝐶1 should be set in a way to maximize α which 

is calculated as α(𝐶1)=
1

√(1−𝐿𝐶1ω2)2+(𝐶1𝑅𝑐ω)2
. For doing so, 𝐶1 =

1

𝐿𝜔2, meaning that the 

maximize gain is achieved when a parallel capacitor, which resonates with the coil at the 

Larmor frequency, is connected in parallel to a LNA with infinite input impedance, hence 

improves the noise figure and SNR [25]. This LC network resonates at, 

         𝑓 =
1

2𝜋√𝐿𝐶
,                                                   (Eq 3.1)  

Another advantage of the tuning and matching circuit is pre-amplifying the signal 

at the resonance frequency before reaching the LNA. Even though the main purpose of this 

circuit is not voltage amplification, it acts as an amplifier (even with typically a small gain) 

at the resonance frequency with a gain approximately equal to the Q. So, improving the 

µcoil’s quality factor will increase the preamplifier gain. To describe this quantitatively, a 

simplified model for the non-ideal LC network is considered (Figure 3-2 (a)), which 

includes the µcoil resistance.  
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Figure 3-2 (a) Simplified non-ideal coil and tuning capacitor circuit, since capacitor has 

much higher quality factor, it is assumed to be ideal with no resistance. (b) Coil and LNA connection 

using a passive capacitive network. 

 

For the tuning capacitor to resonate at the Larmor frequency, 500 𝑀𝐻𝑧 in our case,  

                         𝑍𝑡 =
𝑅(1−𝐿𝐶𝜔2)+𝑅𝐶𝐿ω2

(1−𝐿𝐶ω2)2+(𝑅𝐶ω)2 + 𝐽
(1−𝐿𝐶ω2)×ω𝐿−𝑅2𝐶ω

(1−𝐿𝐶ω2)2+(𝑅𝐶ω)2 .                        (Eq 3.2) 

Where 𝑍𝑡 is the equivalent circuit impedance. For this circuit to resonant at the frequency 

of ω, the imaginary part of the 𝑍𝑡 should be zero at ω. Hence the required capacitor 

calculated by,  

          𝐶 =
𝐿

(𝐿ω)2+𝑅𝑐
2.                          (Eq 3.3) 

Also based on this, voltage amplification gain for this non-ideal LC network, which is the 

voltage across the terminals of the circuit in Figure 3-2(a) over the voltage across the coil 

is calculated as,  

𝑉2 = 𝑉1 + 𝑅𝐼2 + 𝑗𝜔𝐿𝐼2,            (Eq 3.4) 

     𝐼2 =
𝑉2−𝑉1

𝑅+𝑗𝜔𝐿
,             (Eq 3.5) 
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Combining Eq 3.4 and 3.5, The voltage gain is calculated as, 

                               𝐴𝑣 = |
𝑉2

𝑉1
| =  

1

√(1−𝐿𝐶ω2)2+(𝐶𝑅𝑐ω)2
.                        (Eq 3.6) 

In almost all the reported integrated CMOS NMR receivers, this tuning circuit is a fixed 

capacitor [52], [55], [56] , simply because the system is designed to work only for a single 

frequency for a single µcoil. In this work, instead of a constant capacitor, a variable 

capacitor is employed mainly because it makes the circuit compatible with different µcoils. 

So, this circuit could be used with various off-chip µcoils without needing an external 

tuning circuitry. Moreover, for a designed on-chip µcoil there are always differences 

between the pre- and post-fabricated µcoil characteristics, particularly, its inductance. 

Having an adjustable resonance capacitor allows for accounting for these variations as well 

as chip-to-chip variations.   

The variable capacitor consists of a bank of binary-weighted capacitors, CMOS 

switches, and a digital controller. The schematic is shown in the Figure 3-3. 

For the digital controller, a shift register circuit is used to minimize the number of 

input signals. This is to ensure that the number of wires that need to routed inside the NMR 

system are minimized. For the switches, an NMOS transistor is connected to each end of 

individual capacitors to make sure that the capacitor is completely disconnected from the 

inductor (i.e., no parasitic effects) and the output when needed. Since the capacitors are in 

parallel, the total capacitor is a simple algebraic sum of all the capacitors that their switches 

are on. For switch sizing, the most important criteria is minimization of the parasitic  
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Figure 3-3 Variable capacitor schematic. 

 

resistance of these switches as their speed is of least importance for our application (as we 

don’t change their state during operation).  

The range and step size of the capacitor bank are set based on the µcoil 

characteristics and Eq 3.3. Since the µcoils in the two channels are different and have 

different inductances and resistances, the variable capacitors for channels one and two are 

different from each other and should be designed based on their own µcoil. In setting the 

range, we considered the largest possible coil inductance variations after fabrication, and 

designed the capacitor bank in a way that the LC bank can always resonate at 500MHz. 

The step size (i.e., the LSB of the capacitor bank) was set based on the required spectral 

precision for the NMR spectroscopy. 

 

3.1.1. Tuning Circuit Design for the First Channel (On-chip µCoil) 

For the nominal inductance of the designed µcoil in chapter 2, the required capacitor to 

oscillate at the Larmor frequency of 500 𝑀𝐻𝑧 is 26.61 𝑝𝐹 based on Eq 3.3. 
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Figure 3-4 RLC network ac gain. 

 

31.4159 × 108 = √ 1

3.1726×10−9𝐶
− (

4.4594

3.1726×10−9)
2

  → 𝐶 = 26.6096 𝑝𝐹  

Accordingly, based on the Eq 3.4, the voltage gain at 500 𝑀𝐻𝑧 will be 2.4485 or 

7.7782 𝑑𝐵.  

The circuit was also simulated (ac analysis) using Cadence Specter simulator and 

the voltage gain was confirmed as shown in Figure 3-4.  

 

 Desired characteristics and Design 

For determining the variable capacitor range and steps, the post-fabrication and chip-to-

chip variations should be considered. Since microchip fabrication foundries do not disclose 

the precise values for the metal thickness in each layer, the µcoil electrical characteristics  
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Table 3-1 µcoil’s L and Q variation based on the CMOS layers' thickness changes 

Variation L (𝒏𝑯) Q 

Minimum 3.013875 3.536609 

Maximum 3.453819 5.001528 

 

described in Chapter 2 were calculated based on the "nominal" thickness values. However, 

the metal thickness variations could be significant and could change the µcoil's inductance 

and quality factor by a considerable amount.  For this purpose, HFSS simulations were 

conducted, in which the CMOS metal layers thicknesses were changed (A total of 1764 

different combinations were considered). Based on the results the minimum and maximum 

values for the L and Q are presented in Table 3.1. 

For the lowest and highest µcoil’s inductance and quality factor, the required 

capacitor value for the on-chip µcoil to resonates at the Larmor frequency is calculated 

based on the Eq 3.3 and is presented in table 3.2. Additionally, the variations in the sample 

dimeter is considered for obtaining the variable capacitor range and step size. For this 

purpose, different sample sizes, ranging from outer diameter of 300 µm (i.e., equal to µcoil 

inner diameter) to 480 µm (i.e., equal to µcoil outer diameter) were simulated in the HFSS. 

The desired capacitor for generating the Larmor frequency for the smallest and biggest 

sample is reported in Table 3.2. In this table, the fabrication variation and sample size effect 

on the µcoil properties, especially its inductance, and hence the range of the required 

capacitor for oscillating at the Larmor frequency is discussed. 
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      Table 3-2 Capacitor variation based on the L, Q, and sample diameter changes 

Properties C C variation (pF) C variation (%) 

Thickness (Lowest L) 28.0442 +1.4346 +5.3913 

Thickness (Highest L and Q) 22.2276 -4.382 -16.4677 

Thickness (Lowest Q) 28.7102 +2.1006 +7.8941 

Sample (OD=480µm) 25.7481 -0.8615 -3.2375 

Sample (OD=300µm) 25.7555 -0.8541 -3.2097 

OD=Outer Diameter 

 

Based on the Table 3.2, for designed on-chip micro-coil, a variable capacitor in the 

range of 20-30 𝑝𝐹 is needed. To achieve a reasonable spectral precision, 128 𝑓𝐹 is chosen 

for the step size. To limit the number of bits controlling the capacitor bank, and knowing 

that the smallest required capacitor will be approximately 20pF, we decided to build the 

capacitor bank using a large fixed capacitor in parallel with a binary-weighted adjustable 

bank. For this purpose, a constant 16 𝑝𝐹 capacitor is made in parallel with a variable one 

that can generate a capacitance in the range of 1-14 𝑝𝐹. The variable part of the structure 

can generate a capacitor in the range of 128 𝑓𝐹 to 8 𝑝𝐹. 
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Figure 3-5 Channel one tuning circuit schematic. 

 

 

 Post Layout Simulations 

The variable capacitor bank depicted in Figure 3.5 was implemented in AMS 0.35um 

CMOS process. The physical layout occupies an area of 320 µ𝑚 × 270 µ𝑚 and is shown 

in the Figure 3-6.  

 

Figure 3-6 Channel one tuning circuitry layout. 



56 

 

 

Table 3-3 Channel one post layout simulation results 

V7:V1 

(digital output for turning 

switches off (0) and on (1)) 

Expected 

C (pF) 

Measured 

C (pF) 

0000000 16 16 

1000000 24.16 24.16 

0100000 20.08 20.08 

0010000 18.04 18.05 

0001000 17.02 17.03 

0000100 16.51 16.51 

0000010 16.25 16.25 

0000001 16.12 16.12 

 

The post layout simulation results at 500 𝑀𝐻𝑧 are presented in the Table 3.3 (for 

a subset of possible digital inputs), which confirms that the desired variable capacitor has 

been achieved 

 

3.1.2. Tuning Circuit Design for the Second Channel (without On-chip 

µcoil) 

For this tuning circuitry, a range of 20-60 𝑝𝐹and a step size of 0.5 𝑝𝐹 were requested by 

our collaborator researchers who were going to use this microchip for a biochemistry NMR 

application. To make the design future-proof, instead of the 20-60 𝑝𝐹, a range of 0-83 𝑝𝐹 

was considered for our tuning circuit design. Therefore, unlike the circuit designed for the 
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on-chip µcoil, here we did not use a fixed capacitor in the structure. As depicted in Figure 

3.7, the variable capacitor is constructed using a similar architecture as the circuit for the  

 

Figure 3-7 Channel two tuning circuit schematic. 

 

first channel, but with an 8-bit capacitor bank capable of generating a capacitance from 

0.5 𝑝𝐹 to 32 𝑝𝐹. 

 

 Post Layout Simulations 

Similar to the first channel, the tuning circuit shown in Figure 3.7 was implemented in 

AMS 0.35um CMOS process and the layout occupies an area of 460 µ𝑚 × 490 µ𝑚 and is 

shown in the Figure 3-8. 
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Figure 3-8 Channel two tuning circuitry layout. 

 

The post layout simulation results at 500 𝑀𝐻𝑧 are presented in Table 3.4. The 

results confirm that the desired variable capacitor is achieved. When all the switches are 

off, instead of a 0 𝑝𝐹 capacitance, an offset value of 0.92 𝑝𝐹 was observed, which was 

mainly due to the parasitic capacitances. It should be noted that this does not cause an issue 

as a capacitance smaller than 0.92pF is extremely unlikely to be required (it is only required 

if the real inductance of the µcoil is larger than 110 𝑛𝐻, which is 4300% different from the 

2.5 𝑛𝐻 nominal value). 
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Table 3-4 Channel one post layout simulation results 

V8: V1 

(digital output for turning 

switches off (0) and on (1)) 

Expected 

C (pF) 

Measured 

C (pF) 

00000000 offset 0.92 

10000000 32.92 32.92 

01000000 16.92 16.91 

00100000 8.92 8.92 

00010000 4.92 4.91 

00001000 2.92 2.92 

00000100 1.92 1.91 

00000010 1.42 1.41 

00000001 20.92 20.96 

 

3.2. Design of a Wideband Low Noise Amplifier (LNA) 

As fully discussed in the previous chapters, despite several mentioned benefits, the 

miniature size of the detection coil in an NMR system results in the induced voltage (i.e., 

the FID) signal to be very small, in the range of hundreds of nanovolts to a few microvolts 

[19].  This demands for a low noise amplifier circuit directly connected to the coil to 

improve the FID's SNR before it gets drawn in noise or interference. Since the FID's 

frequency changes depending on the type and amount of the sample material, the amplifier 

should be functional for a wide range of frequencies centered around the resonance 

frequency (i.e., 500 MHz in this work).  
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A side outcome of this amplifier is to isolate the tuning capacitor from the output 

matching circuit [48]. To elaborate on this, the chosen tuning capacitor that generates the 

desired frequency with the µcoil inductance may affect the output impedance in a way that 

it will not match with the 50 Ω cable, which connects the coil to the spectrometer. This 

mismatch causes loss of signal energy while traveling from the coil to the spectrometer 

through the cable. On the other hand, if the capacitor is set to match the µcoil impedance 

to the cable it may cause the receiver to go out of tune, hence, partial or complete loss of 

signal [48].  

 

3.2.1. LNA Design Specifications  

 

 Input Referred Noise (IRN) 

Perhaps the most important performance metric in the design of the LNA is its input-

referred noise. As mentioned, the FID is quite weak and a small noise contribution by the 

amplifier could result in the signal being drawn in noise. So, instead of a common RF 

amplifier, a low-noise RF amplifier is required. Moreover, as mentioned in section 3.1 

lowering the LNA input referred noise improves the LNA noise figure and increases the 

SNR. The maximum allowed IRN depends on several parameters including the static 

magnetic field (𝐵0) strength, the coil size and structure, the sample size, etc. (all mentioned 

in Eq. 2.2). However, according to our review of state-of-the-art CMOS NMR LNAs, an 

input referred noise power spectral density of approximately 1.5 
𝑛𝑉

√𝐻𝑧
, seems to be an 

acceptable amount for integrated CMOS-based sub-mm-diameter µcoils operating at 

hundreds of MHz resonance frequency [29], [33], [48]. 
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 Bandwidth 

The LNA should work at the Larmor frequency, so it’s bandwidth should include the 

Larmor frequency which in our case is 500 𝑀𝐻𝑧. In addition, since the FID's frequency is 

expected to be slightly deviated from the Larmor frequency, the amplifier should yield the 

same performance (i.e., noise, gain, etc.) for ±50 𝑀𝐻𝑧 centered around the resonance 

frequency (i.e., 450-550 𝑀𝐻𝑧). To the best of our knowledge, all CMOS NMR receivers 

are designed for 300 𝑀𝐻𝑧 and below, and this is the first 500 MHz-CMOS NMR receiver 

compatible with the Bruker NMR system. The bandwidth is as important as IRN in our 

design. 

 

 Gain 

The third most important LNA characteristic is its gain. It is not as important as the first 

two characteristics mentioned above, since it could be complemented by another 

amplification stage if needed. We have experimental data from our collaborators showing 

that NMR spectroscopy with desired SNR is performed using a discrete LNA (Model: 

ZX60-P103LN) with a voltage gain range of 18-20.3dB at 500 𝑀𝐻𝑧. As a result, a voltage 

gain of 21 dB seems to be sufficient. Our review of the recent works reveals a voltage gain 

of 30 dB is comparable to the state-of-the-arts [29], [50], [52]. 

 

 Size  

Since the application-level target of this work is enabling high-throughput (i.e., many-

channel) NMR spectroscopy, it is important that the on-chip implementation of the coil 

and the readout circuitry are done with the smallest area required. That being said, 
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considering the size of the on-chip coil and the capacitive bank used for tuning, the LNA 

is expected to take a very small portion of the total area for each NMR channel, hence, its 

area is not one of the major design criteria.  

 

 Power Consumption 

Power consumption is not a major concern in the design of the LNA mainly due to the 

availability of a cooling system in the NMR device. From the sample's safety perspective, 

and according to the experimental observations provided by our collaborators, a power 

consumption of up to a few hundreds of milli-watts is acceptable. Nevertheless, 

considering that this circuit is designed with the idea of scaling it to hundreds/thousands of 

channels, we tried to minimize the power consumption while satisfying all other design 

requirements.  

 

3.2.2. Design Methodology 

As mentioned in the section 3.1, the LNA must have an infinite input impedance to 

minimize the noise [25], which can be met by using a common-source configuration for 

the first stage. The IRN of a common source amplifier is calculated as, 

        𝑉𝑛,𝑖𝑛
2̅̅ ̅̅ ̅̅ = 4𝐾𝑇(𝛾𝑔𝑚1) × (𝑟𝑜1) 

2 ×
1

((𝑔𝑚1)(𝑟𝑜1)) 
2 +

4

3
𝐾𝑇𝑅𝐺 =

4𝐾𝑇𝛾

(𝑔𝑚1)
+

4

3
𝐾𝑇𝑅𝐺 ,    (Eq 3.7) 

To further reduce IRN, as shown in Figure 3.9, a current reuse technique is utilized 

to double the effective transconductance for the same current, hence the IRN is decreased 

by half. For this structure, the input referred noise density is calculated,  
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𝑉𝑛,𝑖𝑛
2̅̅ ̅̅ ̅̅ = 4𝐾𝑇(𝛾𝑔𝑚1 + 𝛾𝑔𝑚2) × (𝑟𝑜1||𝑟𝑜2) 

2 ×
1

((𝑔𝑚1+𝑔𝑚2)(𝑟𝑜1||𝑟𝑜2)) 
2 +

4

3
𝐾𝑇𝑅𝐺                  =

=
4𝐾𝑇𝛾

(𝑔𝑚1+𝑔𝑚2)
+

4

3
𝐾𝑇𝑅𝐺 ,                                                                  (Eq 3.8) 

Moreover, a differential input is needed to minimize the supply noise effect and 

also to connect  2-port µcoil to the LNA. So, for the first stage, a differential common-

source current reuse structure is designed to have the least IRN possible in the desired 

bandwidth. For this stage, IRN, bandwidth, gain, area, and power consumptions are the 

required characteristics respectively in the order of importance.  

But this stage is a differential-input to differential output, so another stage is needed 

to convert it to single output for connection to the single-ended spectrometer. Also, having 

several stages helps distributing the voltage gain across them, allowing to put the design 

focus for each stage on other parameters (e.g., noise for the first stage). So, another stage, 

which is an operational transconductance amplifier (OTA) in the form of a differential pair 

connected to an active load is designed to convert the differential-output to a single-ended 

output while increasing the gain. Since the input voltage has been magnified by the 

preamplifier and the first stage, the noise contribution of this stage is not important due to 

its negligible impact on the LNA's IRN. So, for designing this stage, bandwidth, gain, area, 

and power consumption are the important performance metrics, in the order of importance.  

But these two stages cannot connect directly together and maintain the desired 

bandwidth. This is because the high input impedance of the mentioned common-source 

differential pair in the output stage causes a dominant pole at the output of the first stage, 

consequently killing the LNA's bandwidth. So, another stage was added in between to 
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increase the bandwidth. For this purpose, a differential common gate stage is added, which 

has a well-controlled low input resistance (
1

𝑔𝑚𝑁5,6
) that shoots the pole at the output of the 

first stage to a very high frequency. Similarly, to ensure that the input impedance of the 

differential pair at the output stage does not cause a dominant pole at the output of the 2nd 

stage, resistive loads (R1 and R2) are added to ensure a very small time constant at the 

output node of the second stage.  For this stage bandwidth, gain, space, and power 

consumption are the critical characteristics respectively based on their importance. The 

final LNA structure is shown in the Figure 3-9. The total gain of this LNA is calculated, 

𝐴𝑣 = (𝑔𝑚,𝑁1 + 𝑔𝑚,𝑃1) (𝑟𝑜,𝑁1||𝑟𝑜,𝑃1 ||
1

𝑔𝑚,𝑁5
) × (𝑅1 × 𝑔𝑚,𝑁5) × (𝑔𝑚,𝑁3 × (𝑟𝑜,𝑁3||𝑟𝑜,𝑃4)),          

(Eq 3.9) 

In this design, one biasing resistor is needed at each input nodes, which connects 

the input transistors to the biasing voltage) to avoid short-circuiting of the LNA’s input 

nodes. These resistors should be small since they affect the LNA input noise. N1, N2, P1 

and P2 are designed in a way to have the least noise. For doing so, first the optimal current 

density (J) for the least noise is achieved for both NMOS and PMOS. This is done by doing 

noise analysis and plotting NF-min over 𝑉𝑔𝑠 . Since the gates of N1 and P1 (N2 and P2) are 

connected together, so their 𝑉𝑔𝑠  affecting each other, hence an optimal 𝑉𝑔𝑠  cannot be 

reached for both N1 and P1 and there is a trade-off. By some compromise, the optimal 𝑉𝑔𝑠  

was achieved for the N-P connections. Based on the optimal J and the current which is 

chosen for a desired power consumption, size of N1, N2, P1, and P2 is set. For N0, the size 

is chosen so that it has less current variation due to 𝑉𝑑𝑠  changes, while generating the 
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required current for the first stage. N5 and N6 determines the bandwidth of the first stage 

by changing the output impedance from 𝑟𝑜𝑁1||𝑟𝑜𝑃1 to  
1

𝑔𝑚𝑁5,6
 while decreasing its gain by 

a factor of  
1

𝑔𝑚𝑁5,6
. But since this stage has a gain of 𝑔𝑚𝑁5,6 × 𝑅1,2, the total gain does not 

change. The sizing of N5, N6 is set based on their gm to obtain the desired bandwidth. For 

designing R1 and R2, first the third stage should be designed. The third stage bandwidth is 

proportional to  
1

𝑟𝑜𝑁8||𝑟𝑜𝑃4
, while its gain is calculated by 𝑔𝑚𝑁8 × 𝑟𝑜𝑁8||𝑟𝑜𝑃4. So, based on 

the output swing and bandwidth (hence gm), 𝑉𝑔𝑠,𝑁7,8  is obtained which is set by the R1, 

and R2. So, while designing R1 and R2, in addition to the second stage gain and bandwidth, 

the biasing voltage of the third stage should be considered. The sizing of N7, N8, P2, and 

P3 is done based on the thirds stage gain and bandwidth. Design details are reported in the 

Table 3.5. 

 

Figure 3-9 Circuit schematic of the designed 3-stage wideband LNA. 
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Table 3-5  LNA design details 

𝑾

𝑳 𝑵𝟎
=

𝟐𝟖𝟖

𝟎.𝟒
 , NG=20 RB= 50 Ω 

𝑾

𝑳 𝑵𝟏,𝑵𝟐
=

𝟐𝟖𝟎

𝟎.𝟑𝟓
 , NG=20 R1=R2= 500 Ω 

𝑾

𝑳 𝑵𝟑,𝑵𝟒
=

𝟏𝟏𝟓.𝟖

𝟎.𝟑𝟓
, NG=12 VBin= 1.1 V 

𝑾

𝑳 𝑵𝟓,𝑵𝟔
=

𝟑𝟎

𝟎.𝟑𝟓
, NG=6 VBI1= 0.9 V 

𝑾

𝑳 𝑵𝟕
=

𝟔𝟎𝟎

𝟎.𝟑𝟓
, NG=26 VB2= 1.6 V 

𝑾

𝑳 𝑵𝟖,𝑵𝟗
=

𝟓𝟎

𝟎.𝟑𝟓
, NG=4 VBI2=0.8 V 

𝑾

𝑳 𝑷𝟏,𝑷𝟐
=

𝟑𝟎𝟕

𝟎.𝟑𝟓
, NG=20 VBI3=0.8 V 

𝑾

𝑳 𝑷𝟑,𝑷𝟒
=

𝟏𝟐𝟎

𝟎.𝟑𝟓
, NG=6 Vdd=2.1 V 

 

3.2.3. Post Layout Simulation Result 

The LNA’s layout is shown in the Figure 3-10. It occupies an area of 130 µ𝑚 × 137 µ𝑚.  

For the post-layout to match with the simulation layout and have less parasitic effects, the 

symmetry of the circuit is maintained, while try to have the components close to each other 

for avoiding long wires and minimizing the layout area. Also, it was tried not to have 

different metal layers on top of each other to avoid parasitic capacitor creating by them. 

Moreover, the width of the wires was considered while designing the layout to have low 

parasitic capacitance while having small resistance which are in contrast with each other. 

Based on the post layout simulations, the designed LNA has a bandwidth of about 

600 𝑀𝐻𝑧 (Figure 3-11), an input referred noise power spectral density (Figure 3-15) and 

a voltage gain (Figure 3-11) of 1.59 
𝑛𝑉

√𝐻𝑧
 and 27 𝑑𝐵, respectively, both at 500 𝑀𝐻𝑧, and a 

power consumption of 22.68 𝑚𝑊. These results meet the design requirements.  
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Figure 3-10 Layout of the designed 3-stage wideband LNA. 

 

Due to the layout parasitic, even though in designing the layout it was tried to avoid 

these parasitic, the post-layout simulation differs with the pre-layout simulation. Based on 

the schematic design the designed LNA has a bandwidth of about 955 𝑀𝐻𝑧 (Figure 3-12), 

an input referred noise power spectral density and a voltage gain (Figure 3-12) of 1.23 
𝑛𝑉

√𝐻𝑧
 

and 30.04 𝑑𝐵, respectively, both at 500 𝑀𝐻𝑧, and a power consumption of 26.68 𝑚𝑊. 

Schematic and layout results are shown in Figure 3-12. As is shown in Figure 3-11 and 3-

12, gain changes in our desired bandwidth (450 𝑀𝐻𝑧 to 550 𝑀𝐻𝑧). Knowing these 

variations and knowing the gain at each frequency, the detected signals in the spectrometer 

could be adjusted. For example, if the gain at 500 𝑀𝐻𝑧 is 0.5 𝑑𝐵 smaller than the gain at 

450 𝑀𝐻𝑧, at the spectrum, we consider this difference in the signal peaks at 500 and 450 

𝑀𝐻𝑧 and reduce the peak amplitude at 450 𝑀𝐻𝑧 by 0.5 𝑑𝐵 to have the same gain as the 

signal at 500 𝑀𝐻𝑧. 
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Figure 3-11 LNA gain and bandwidth post-layout results. 

 

 

Figure 3-12 Layout and schematic LNA gain and bandwidth comparison. 
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Figure 3-13 Gain and bandwidth changes due to biasing voltages variation (post-layout 

results). 

 

Since the biasing voltages are coming from outside of the chip, their deviation from 

the nominal values should be considered while designing the PCB. The effect of biasing 

voltages variation on the gain and bandwidth is shown in Figure 3-13. Based on these 

results, the first stage biasing voltage variation affect the LNA properties considerably, on 

the other hand the second and third stage biasing have negligible effect on the results.  
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Figure 3-14 Monte Carlo simulation results. 

 

In the figure above, the Monte Carlo simulation results are presented for both 

process variation and mismatch. Based on these results, our LNA works properly 

considering fabrication variations. Also, the temperature variation (-63º C to 63º C) effect 

on the results have been shown in this figure. Figures 3-13 and 3-14 demonstrate that our 

circuit performs properly considering biasing voltages variation, fabrication process 

variation, mismatch among components, and temperature changes. 
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Figure 3-15 Input and output referred noise post-layout results. 

 

Table 3.6 compares the presented LNA with the state-of-the-art in terms of gain, noise, 

bandwidth, and power consumption, illustrating the overall superior performance of the 

presented circuit compared to the state-of-the-art. It must be mentioned that the results from 

our work are from post-layout simulations, while most of the numbers from cited 

references are experimentally measured quantities.  
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Table 3-6 Comparison among CMOS NMR LNAs 

References Gain(dB) IRN 

(
𝒏𝑽

√𝑯𝒛
) 

Frequency 

(MHz) 

Power 

(𝒎𝑾) 

Technology 

(µm) 

[52] 30* - - ≤59.4 0.35 

[48]** 14 3.4 85 - 0.8 

[29]* 24 2.5 350 - 0.5 

[56]* 42 0.78 300 - 0.13 

[50]** 35 - 300 ≤40 0.13 

[33]** - 1.3 300 ≤18 0.13 

Our work* 29.1 1.59 500 22.68 0.35 

*: Post layout simulation 

**: Experimental  

 

3.3. Buffer 

The data analysis units, such as the spectrometer and the signal processing unit, are placed 

outside of the NMR system, in a distance up to a few meters. So, the signal induced on the 

µcoil, which is amplified by the LNA, should travel all this distance before being 

processed. To minimize the loss of signal energy, a matching circuit is required to match 

the LNA’s output impedance with the cable. Also, an active voltage buffer is typically used 

to make the output of the LNA a low-impedance node, resulting in minimizing the 

interference coupled onto the signal before reaching the spectrometer.  

In some NMR systems, a mixer is used to down-convert the high frequency RF 

signal to baseband frequencies where the losses are significantly lower [31], [50], [53], 

[54]. 
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3.3.1. Desired Characteristics 

The purpose of the buffer is to convert the LNA output impedance to 50 Ω, the cable 

impedance, while maintaining the bandwidth and gain. It should be noted that the output 

of the buffer is connected to the chip's I/O pad before being connected to the spectrometer 

cable. This means that it should be able to drive the pad's capacitance without losing the 

bandwidth. For this purpose, and based on the LNA’s third stage, which is connected to 

the buffer, a simple PMOS buffer structure proposed in the Figure 3-16 is designed 

carefully. For an NMOS buffer, considering output DC voltage of the LNA which biases 

one of the NMOS transistors, to achieve the desired 𝑔𝑚 generating the impedance in a 

limited current, having both NMOSs in the saturation mode was not possible. The sizing 

cannot increase due to the bandwidth limitation, hence for generating the current required 

for the 𝑔𝑚, only 𝑉𝑔𝑠  should be increased. With high 𝑉𝑔𝑠 , for having transistors in saturation 

modes, 𝑉𝑑𝑠  should be high, which due to the limitation in VDD we could not have both 

NMOS transistors in saturation region. For this reason, a PMOS structure is chosen over 

an NMOS one. The output impedance is calculated by Eq 3.10. 

𝑅𝑜𝑢𝑡 =
1

𝑔𝑚,𝑃0+𝑔𝑚𝑏,𝑃0
||𝑅𝑜,𝑃1.            (Eq 3.10) 

The DC voltage VI is adjustable, which allows for adjusting the buffer's bias 

current, hence  𝑔𝑚,𝑃0 and consequently the output impedance of the circuit. This allows for 

fine-tuning the matching of the buffer's output impedance to the cable's impedance at the 

beginning and throughout the operation. Design details are reported in Table 3.7. 
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Figure 3-16 Buffer schematic. 

 

Table 3-7 Buffer design details 

(
𝑾

𝑳
)𝑷𝟎 =

𝟏𝟓𝟎𝒖

𝟎. 𝟑𝟓𝒖
 VI=1.7 V 

(
𝑾

𝑳
)𝑷𝟏 =

𝟏𝟗𝟎𝒖

𝟎. 𝟑𝟓𝒖
 VDDH= 3.3V 

 

The bandwidth should be higher than 500 𝑀𝐻𝑧, and the gain which is calculated 

based on the Eq 3.11 should be maximized.  

          𝐺𝑎𝑖𝑛 =
𝑔𝑚,𝑃0×𝑅𝑜𝑢𝑡,𝑃1

1+𝑔𝑚,𝑃0×𝑅𝑜𝑢𝑡,𝑃1
            (Eq 3.11) 

 

3.3.2. Post Layout Simulation Results 

Post layout simulations have been performed with and without the pad capacitor effect on 

the results is shown in Figure 3-17. The buffer have a voltage gain of -2.82 𝑑𝐵 with  a 

bandwidth up to a few 𝐺𝐻𝑧𝑠, and power consumtion of 25 mW. The pad have no influence 

on the gain, on the other hand, it reduces the bandwidth. But even with the pad effect, the 

buffer bandwidth is more than 1 𝐺𝐻𝑧. 
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Figure 3-17 Gain and bandwidth for only buffer (black), and buffer with pad (red). 

 

3.4. Readout System Integration 

As mentioned previously, two channels are implemented on the chip. Channel 1 has an on-

chip µcoil, a tuning variable capacitor, an LNA, and a buffer, while channel 2 has only a 

tuning variable capacitor, an LNA, and a buffer and is designed for an off-chip µcoil with 

characteristics provided by our collaborator. The chip schematic is shown in Figure 3-18. 

Also, the pins configuration is reported in Table 3.8. 
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Table 3-8 Pin configuration 

1-𝑮𝒏𝒅  8- VIS2  15- OutOn  

2-𝑮𝒏𝒅  9- VIS1  16-CLKon  

3-𝑮𝒏𝒅  10- VBin  17- CapOn 

4-𝑽𝒅𝒅=2.1 V  11- In+  18-CLKoff  

5-𝑽𝒅𝒅=2.1 V  12- In-  19- CapOff 

6-VBuff  13- OutOff  20- GND ESD  

7-VgateS2  14- VDDH=3.3 V  21- VDD ESD 
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Figure 3-18 Chip schematic. 
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3.4.1. Post Layout Simulations 

The complete layout of the presented chip is shown in Figure 3-19, which occupies an area 

of 1240 µ𝑚 × 1555 µ𝑚. Also, the post layout simulation result of the LNA connected to 

the buffers and pads is shown in the Figure 3-20. Based on these simulations, the chip has 

a gain of 25.95 𝑑𝐵, bandwidth of 550 𝑀𝐻𝑧, input referred noise power spectral density of 

1.57 
𝑛𝑉

√𝐻𝑧
, and a power consumption of 47.17 𝑚𝑊. Based on the earlier discussion, all of 

the obtained results from the post-layout simulation satisfy our design requirements. 

 

Figure 3-19 Chip layout. 
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Figure 3-20 Chip gain and bandwidth post-layout results. 
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Chapter 4 

Conclusions and Future Work 

 

 

This chapter presents a summary of the proposed research, contributions, and possible 

future directions. 

 

4.1. Conclusions 

High-frequency NMR spectroscopy systems yield higher SNR, while facilitating a 

higher system throughput as they allow for integration of more parallel NMR receiving 

channels without the loss of performance. This motivated us for designing CMOS-based 

integrated active NMR receivers that operate at a higher frequency compared to the state-

of-the-art. In this thesis an end-to-end design and optimization of an integrated NMR 

spectroscopy receiver (i.e., µcoil, tuning circuit, and readout front-end low-noise amplifier) 

operating at 500 𝑀𝐻𝑧 was presented. A two-channel fully-integrated NMR spectroscopy 

receiver was designed using AMS 0.35-µm technology compatible with a 500 𝑀𝐻𝑧 NMR 

spectroscopy device (Bruker). We identified all the important electrical and physical 

parameters in the design of a µcoil that could affect the NMR spectroscopy's overall 

performance. Consequently, we presented a design and optimization procedure for the 
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µcoil that takes all these parameters into account and is applicable to any frequency of 

operation. The integrated circuit is designed to be compatible with a wide range of on-chip 

and off-chip µcoils. Similar to the µcoil, the circuit architecture and the design procedure 

described for the readout circuit design is applicable to any frequency of operation This 

research contributes significantly to the development of a high-throughput high frequency 

NMR spectroscopy system, as described in the next section. 

 

4.2. Contributions 

The theoretical and design efforts presented in this thesis make the following 

contributions to the development of high-throughput NMR spectroscopy systems:  

1. It is the first 500 𝑀𝐻𝑧 NMR CMOS receiver compatible with a commercial 

NMR device (Bruker NMR system). While all components are designed and optimized for 

500 𝑀𝐻𝑧, the presented design procedures are applicable to higher frequencies. 

2. The design of a CMOS-based µcoil is presented, which is optimized in 

terms of topology, number of layers, physical routing parameters, and geometrical shape, 

while considering the impact of CMOS process substrate and the sample's volume. Besides 

other factors already considered in the literature for designing NMR CMOS µcoils, this 

µcoil is optimized for the magnetic field uniformity as well. 

3. A tuning circuitry is designed and integrated with the rest of the receiver 

components, in which instead of a fixed capacitor, a variable one is designed to compensate 

fabrication errors, sample effects, and make the chip compatible with different off-chip 

µcoils. 
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4. A low noise amplifier is designed and optimized with the smallest area and 

power consumption while meeting all the required performance metrics including input 

referred noise power spectral density, bandwidth, and voltage gain.  

 

4.3. Future Work 

As mentioned before, the successful outcome of this project opens a path towards the 

development of high-throughput high frequency NMR using multiple µcoils. This research 

was a starting step toward high-throughput NMR, but to achieve this goal several other 

steps need to be taken. 

 1-  First of all this chip needs to be tested both electrically and experimentally. 

We have collaboration with University of Toronto A.SIMPSON  group for the 

experimental part. 

2- Based on the experimental results, the µcoil, and LNA could be improved 

if needed. For this purpose, instead of 0.35-µ𝑚 a most recent technology node could be 

utilized that allows for a more area-efficient design, faster devices, and lower input referred 

noise for a lower power consumption. Also, more recent technology nodes offer more metal 

layers with thicker top metal layer, hence enabling us to have better µcoil design. 

3- Number of channels should be increased. Also, here only the receiver part 

of the NMR system was designed. This chip could be enhanced by adding the transmitter 

part as well. 
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4- The sample delivery is another important part of the NMR device which 

was not a focus of this project. For improving the chip even more, an NMR-compatible 

microfluidic system could be added for sample delivery to the µcoil.  

5- For a high-throughput device, the effect of channels on each other needs to 

be studied and minimized by simulating number of channels nearby. Mutual inductance of 

the different channels’ µcoils is probably the most important factor to look for. One way 

to cancel the mutual inductance is by designing some external circuits, similar to [86]. 

Moreover, Isolating channels from each other is another way to reduce the crosstalk among 

them. 
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 Appendix 

The development of the associated printed board circuit (PCB) is tricky and several 

considerations should be taken into account. As mentioned above the NMR receiver which 

includes the integrated chip and its associated PCB, should be placed into a limited space. 

So, sizing of the PCB is really important and the PCB should be minimized. For this 

purpose, the discrete components should be chosen based on their size as well as other 

desired characteristics. Moreover, the placement of the components and the routing should 

be optimized.  

Another crucial factor for selecting the PCB components, it’s the NMR 

compatibility of them. Since this PCB is supposed to work in a huge static magnetic field, 

the components should be selected in a way that this magnetic field has no effect on their 

function. This property is called as NMR compatibility and is the most important features 

to consider while designing the PCB. 

Additionally, designing the PCB output faces us with more challenges. The PCB 

output should be connected to the spectrometer through a coaxial cable which is connected 

to both ends via BNC connectors. But since the PCB is miniaturized, the chosen BNC 

connectors should be as small as possible, while being NMR compatible. This issue is 

applied to all the supply voltages as well. Also, the number of supply voltages that are 

coming externally should be minimized.  

A block diagram of the estimated PCB is shown in figure below. 
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PCB overview 

The detailed chip pin configuration from the bottom left side of the layout is 

described in the table below. Pin number of 1 to 15 are analog, while 16 to 21 are digital. 

1-Gnd (all) 8- VIS2 (LNA second stage 

current source)  

15- OutOn (Channel 1 output) 

2-Gnd (all) 9- VIS1 (LNA first stage current 

source 

16-CLKon (Channel 

21capacitive circuitry clock) 

3-Gnd (all) 10- VBin (LNA first stage input 

bias) 

17- CapOn (Channel 1 

capacitive circuitry input for the 

shift register) 

4-Vdd=2.1 V (all except buffer) 11- In+ (Channel 2, positive 

node of coil/ positive input of the 

LNA)  

18-CLKoff (Channel 2 

capacitive circuitry clock) 

5-Vdd=2.1 V (all except buffer) 12- In- (Channel 2, negative 

node of coil/ negative input of 

the LNA) 

19- CapOff (Channel 2 

capacitive circuitry input for the 

shift register) 

6-VBuff (Buffer input 

controller) 

13- OutOff (Channel 2 output) 20- GND ESD  

7-VgateS2 (LNA second stage 
gate input) 

14- VDDH=3.3 V (Buffers 
VDD) 

21- VDD ESD 
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It should be noted that 2 different 𝑣𝑑𝑑𝑠 are used in this design. A 2.1V is used for 

all the circuit except buffer. For buffer a 3.3V 𝑣𝑑𝑑 (VDDH) is used. Also, 3 pins are 

dedicated to 𝑔𝑛𝑑 for ensuring that the circuit could use the required current. 

 

 

 


