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Abstract

Purpose—To improve the signal transmission efficiency and sensitivity of a local detection coil 

that is weakly inductively coupled to a larger receive coil.

Methods—The resonant detection coil is connected in parallel with the gate of a HEMT 

transistor without impedance matching. When the drain of the transistor is capacitively shunted to 

ground, current amplification occurs in the resonator by feedback that transforms a capacitive 

impedance on the transistor’s source to a negative resistance on its gate.

Results—High resolution images were obtained from a mouse brain using a small, 11 mm 

diameter surface coil that was inductively coupled to a commercial, phased array chest coil. 

Although the power consumption of the amplifier was only 88 µW, 14 dB gain was obtained with 

excellent noise performance.

Conclusion—An integrated current amplifier based on a High Electron Mobility Transistor 

(HEMT) can enhance the sensitivity of inductively coupled local detectors when weakly coupled. 

This amplifier enables efficient signal transmission between customized user coils and commercial 

clinical coils, without the need for a specialized signal interface.

Introduction

The sensitivity of magnetic resonance imaging and spectroscopy is critically dependent on 

the performance of the coil and preamplifier. In the standard configuration, the sample coil 

L0 is tuned by a parallel capacitor C0 and impedance matched to 50 Ω (1). Alternatively, 

NMR signals from an isolated coil can be transmitted to an external coil through mutual 

inductive coupling (2). To improve local sensitivity of the isolated resonator, the sample coil 

can be miniaturized and placed in very close proximity to the object being imaged (3). When 

a passive LC resonator is used deep inside the body as a wireless, implantable detector (2), 

this mutual coupling may be too weak to enable efficient signal transmission. To compensate 

for transmission loss in weakly coupled conditions, it has been demonstrated that a 

parametric amplifier can be integrated into an LC resonator for in situ, wireless 
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amplification of MR signals (4,5). Parametric amplifier is a multi-frequency resonator that 

relies on nonlinear capacitance to transfer energy from the high energy pumping signal to 

the low energy MR signal (6,7). Although the parametric resonator has the great advantage 

that it can operate wirelessly, noise is introduced during frequency mixing, limiting the 

amplifier’s noise figure to 3 dB (8).

Here, we utilize positive feedback from a transistor connected in parallel with the LC 

resonator to develop an equivalent, negative parallel resistance for in situ signal 

amplification. Unlike standard transistor-based amplifiers, where the input voltage on the 

gate is converted to a modulated current on the drain, the negative resistance amplifier 

creates feedback current that adds in phase with the current circulating in the LC circuit to 

produce a net current gain (9). The drain of the transistor is grounded with a large value 

capacitor and a small capacitor is placed between the source and ground. The high 

impedance of the source capacitor creates voltage feedback through the gate capacitance to 

obtain a negative resistance Rneg across the LC circuit. The parallel resistance RLC of the LC 

circuit is increased to RLC|Rneg|/(|Rneg|− RLC), and the effective quality factor of the 

resonator is increased to

[1]

The current gain in the LC circuit is Qeff/QLC, so the weak voltage drive from the NMR 

resonance induces a much larger current in the LC circuit than in the passive coil. The 

amplifier uses a High Electron Mobility Transistor (HEMT), and because current 

amplification occurs without the need for frequency mixing, the amplifier has good noise 

performance. Although the current version of amplifier requires a bias voltage, it operates 

with a very low bias current and can be powered for very long intervals (weeks) with a non-

magnetic battery, enabling application as a wireless implantable device. Here, it is connected 

to a 11 mm diameter coil optimized using a saline phantom to simulate tissue loading. The 

circuit was tested for SNR on a clinical 3T system using a commercial phased array as the 

external receiver. The coil and amplifier coupled to the clinical coil were then evaluated over 

a range of distances to determine the effect upon SNR. The circuit was then used to image a 

mouse brain, with the animal and local coil situated beneath the clinical coil.

Methods

The integrated amplifier is shown schematically in Fig. 1a, with the HEMT transistor 

(Agilent ATF-34143) placed in parallel with the LC resonator. The sample coil, shown in 

Fig. 1b, was an 11 mm diameter, single turn inductor (L0=24 nH) printed on a G10 substrate. 

The tuning capacitor C0 (62 pF) was chosen to resonate the coil slightly above the Larmor 

frequency at 123.24 MHz. Precise frequency adjustment was accomplished with the trim 

capacitor Ct (Johanson 9702-2) connected across C0. A crossed diode pair (BAT15-04W, 

Infineon Technologies, Germany) connected across C0 was used to passively detune the LC 

resonator during RF excitation. The drain of the transistor was RF grounded with a 10 nF 

capacitor. The circuit was powered at the transistor drain with an adjustable voltage (V1). 

The gate capacitance Cg was increased by 1.5 pF to increase amplifier gain. Positive 

feedback from the transistor creates negative resistance between the gate terminal and 
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ground. The magnitude of this negative resistance is dependent upon the gate capacitance 

Cg, the source capacitance Cs and the transconductance gm. Cg between the transistor gate 

and source terminals has no easy access for dynamic control. Therefore, the source 

capacitance Cs was replaced with a varactor (BBY51-02W, Infineon Technologies, 

Germany) whose capacitance was varied with a second bias voltage V2 applied on the 

cathode via a large (100 kΩ) resistor.

To understand the current feedback mechanism, a small signal model of the transistor (8) 

was used (Fig. 1c). The RF drain-source current is given by Ids= gmVgs, and the gate current 

by Igs= jωCgVgs. The total RF current through the impedance Zs is the sum of the two, 

Ids+Igs, and the admittance between the gate and ground can be expressed as,

[2]

When the source impedance Zs is capacitive, i.e. Zs = 1/jωCs, the admittance becomes

[3]

An equivalent representation of the real and imaginary components is illustrated in Fig. 1d. 

The real part of Yg is negative, and it can be converted into a negative resistance,

[4]

Eq. [4] can be minimized with respect to any of the variables, gm, Cs, or Cg. However, with 

gm and Cg fixed, Eq. [4] is minimized when Cs
2 = Cg

2 + gm
2/ω2. Using this relation to 

eliminate Cs, |Rneg| has a minimum at

[5]

Note that Eq. [5] defines the magnitude of negative resistance, which, according to Eq. [1] 

should be larger than the parallel resistance of the coil in order for the combined resistance 

to remain positive. As the optimization relation implies, Cg should be less than Cs and ωCs 

should be less than gm. Since the negative resistance is comparable to the parallel resistance 

of the coil, Eq. [4] indicates that the susceptance of Cg and Cs and the transconductance 

need to be reduced to a few mS for the circuit to remain stable. The 11 mm diameter coil L0 

has an inductance of 24 nH, and a parallel resistance of 2.0 kΩ based on the relation RLC = 

ωLQLC. To obtain a gain of four, we increase the apparent Q by a factor of four by reducing |

Rneg| to 2.67 kOhm. A bias current ~0.1 mA is required to reduce the transconductance to ~2 

mS. The gate capacitance Cg was increased to 1.5 – 2.5 pF with an external capacitor. Using 

the minimization relation, Cs
2 = Cg

2 + gm
2/ω2, a nominal value of 4 pF is estimated for Cs, 

which is provided by the varactor when reverse-biased at 2 Volts. The gain of the circuit is 

adjusted by voltage across Cs. The voltage on the drain is reduced to 0.8 Volts to minimize 

the dissipated power.
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As Eq. [1] indicates, it is desirable to obtain larger Qeff to maximize amplifier gain. 

However, as Qeff increases, the bandwidth of the coil decreases, which is ultimately limited 

by the bandwidth required for imaging. For example, if 1 dB signal variation is allowed 

within the imaging bandwidth, the −3 dB bandwidth of the coil needs to be about twice this 

bandwidth. A 50 kHz imaging bandwidth translates to a minimum bandwidth of 100 kHz for 

the coil. For the Siemens 3T scanner with a center frequency of 123.24 MHz, the 100 kHz 

bandwidth sets an upper limit for Qeff of about 1200. Since QLC for the 11 mm coil is about 

105, maximum gain of the circuit using Qeff/QLC is about 20 dB at this frequency.

The GaAs HEMT has substantial gm even at low currents, which varies approximately as the 

square root of current (10). Even when biased at ~0.1 mA, the low noise property of HEMT 

is still maintained. The noise current from the drain-source channel decreases with 

decreasing drain current (11–13). The minimum noise figure, Fmin (13–14), also decreases 

with drain current, but eventually begins to rise as gm becomes too small and noise 

mismatch develops at the input of the transistor (11). This increase in noise figure was 

attributed to the resistive connections to the die in early transistors. However, fabrication 

techniques have improved, as evidenced by the reduction in device noise figures (13–15), 

and newer devices can operate at lower bias currents.

All MR experiments were performed on a Skyra 3T (Siemens AG, Erlangen, Germany) 

clinical scanner operating at 123.24 MHz. A Siemens 4-channel Flex Coil positioned 

horizontally and interfaced to the side of the patient table was used as an external receive 

coil. The phantoms were fabricated from 8 mm thick plastic weigh-boats filled with 1% 

agarose gel containing 0.9% NaCl to provide loading, and 1 mM Gadavist (Bayer, NJ) to 

yield a T1 = 0.25 sec. To obtain baseline SNR from the gel, the Flex coil was replaced with a 

tuned and matched 11 mm coil connected directly to the Flex Coil interface. Next, a passive 

11 mm coil of the same diameter was placed on the gel. The coil and gel were then 

positioned centrally above the #2 element of the Flex Coil in the magnet, so that the passive 

loop coupled MR signals from the gel to the Flex Coil. Images were acquired for several 

locations of the passive loop and gel above the Flex coil and SNR’s evaluated.

The negative resistance detector was investigated similarly. The detector was first positioned 

on a gel and tuned on the bench using the trim capacitor Ct. The detector and gel were then 

imaged at the same four locations as for the passive loop and gel. The transistor of the 

amplifier was oriented parallel to the B0 field to avoid noise degradation by Hall effect. The 

gain of the negative resistance detector was maximized empirically by adjusting the bias 

voltage V2. SNR’s from this setup were then compared with SNR’s of the passive loop and 

with the surface coil that was connected directly to the Flex Coil interface.

Finally, the negative resistance detector was used to acquire images from the head of a 30 g 

mouse. The detector was first tuned on the head of the mouse before being moved to the 

scanner room for imaging. The Flex Coil was positioned above the animal and detector, the 

signal was optimized using the external voltage control, and the Bo field was shimmed over 

the head of the animal prior to acquiring images.
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Results

Bench measurements were performed to evaluate detector performance under sample 

loading conditions. S21 was measured with a double pick-up loop connected to both ports of 

a network analyzer. When V1 and V2 were zero, a reference curve was obtained without 

gain. V1 was then set to 0.8 V to power the transistor, and measurements were performed 

with a series of bias voltages V2 applied to the source varactor Cs to maximize detector gain 

(Fig. 2a). The gain was determined by comparing the height of each curve with respect to 

the peak position of the reference curve. A maximum gain of 14 dB was reached when V1 = 

0.8 V and V2 = 2 V. Concomitantly, the −3 dB bandwidth decreased to 240 kHz, providing 

an imaging bandwidth of about half this value. Fig. 2b shows the negative resistance 

estimated from Eq. [1] with RLC computed from RLC = ωLQLC, where QLC is the Q 

measured from the reference curve. As the source capacitance varies, |Rneg| reaches a 

minimum. By equating the last term of Eq [5] with the measured value of |Rneg| (2.45 kΩ), 

and equating Cg = 2.2 pF, which includes 1.2 pF from the external chip capacitor, gm is 

estimated to be 2.1 mS.

To demonstrate the sensitivity advantage for different coupling conditions, the passive coil 

and the active coil were tested at four locations along the axis of one element of the Flex 

Coil. Baseline SNR was first measured by a 11-cm diameter coil balance matched to a 50 

Ohm cable that was connected to the same port as the #2 element of the Flex Coil. Coronal 

images were then acquired from passive and active detectors to measure SNR at four 

locations above the Flex coil. Typical coronal images are shown in Fig. 3a, and the relative 

SNR’s from the passive coil and the active coil are shown in Fig. 3b.

At 3 cm separation from the external coil, the SNR of the coil with direct wire connection 

was 0.8 dB higher than that of the active detector and 5.6 dB higher than the passive 

detector. The latter reflects the transmission efficiency of inductive coupling, and the former 

reflects the combined effects of the negative resistance amplifier and the attenuation from 

inductive coupling. The trend in the plot along the direction of closer proximity suggests that 

the amplifier adds even less noise than this, perhaps on the order of 0.5 dB. For larger 

separations, attenuation dominates over the gain, and the curve for active coil becomes 

asymptotically parallel to that of the passive coil. The 11 dB difference reflects the amplifier 

gain inside the scanner. Higher gains are achievable; however, tuning of the active coils 

becomes more difficult for higher Q’s.

To demonstrate biomedical applications of the detector, high resolution images were 

acquired from the head of a mouse (Fig. 4). The gain of the device was sufficient to obtain 

images with 156 × 156 µm2 in-plane resolution and 0.3 mm slice thickness on the Siemens 

3T clinical scanner, yielding SNR’s of 48.6 for the coronal image and 50.3 for the saggital 

image. Anatomical details of mouse head are readily obtainable at this resolution. The filter 

bandwidth for imaging was 19.2 kHz, which was well within the tuning bandwidth of the 

detector. No modifications to the scanner interface were required.

Qian et al. Page 5

Magn Reson Med. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

An MR detector with an integrated amplifier has been constructed that utilizes the positive 

feedback of a transistor to amplify the current in the sample coil. This feedback effect takes 

place as if the resonant sample coil were connected in parallel with a negative resistance, 

increasing the quality factor of the coil. This amplification can compensate for most of the 

sensitivity loss incurred when the NMR signal is inductively coupled to an external receive 

coil. A varactor connected between the transistor’s source and ground allows the gain to be 

controlled dynamically. Since the integrated detector has very high Q, a trade-off exists 

between the gain and the bandwidth. Here, a detector with an 11-mm diameter loop yielded 

14-dB of gain and a 3-dB bandwidth of 240 kHz. By inductively coupling the remote 

detector to the commercial coil, no additional interface to the system was required. When the 

remote detector was used in close proximity to the commercial coil, the sensitivity of the 

detector was comparable to that of a direct-wire connection. To obtain a larger FOV, 

amplifiers could be placed on two or more coils of an array, but this would require that they 

be geometrically or capacitively decoupled from one another with care (16,17). Any residual 

inductive coupling will be magnified by the increased Q’s of each circuit. The capability of 

the detector was demonstrated with high resolution animal imaging on a clinical scanner. 

This bodes well for other clinical applications involving imaging of superficial and internal 

tissues. Efficient signal transmission via on-coil amplification should make it easier to 

interface custom designed detectors with standard clinical coils.

There are several advantages for using local amplification of the MR signal. First, it provides 

an in situ amplifier that can be attached to the LC resonator without the need for impedance 

matching. Second, the negative resistance amplifier can operate at very low bias current 

without sacrificing noise performance. This is mainly because channel noise associated with 

the drain current falls as the bias current is reduced (18). At lower bias currents, noise from 

the gate becomes comparable to thermal noise in the channel, but this does not happen for 

bias currents used here. The negative resistance amplifier tested here consumed only 88 µW 

of power. With such low power consumption, an amplifier for an implantable device may 

benefit from wireless power harvesting schemes (19). For external applications, the negative 

resistance amplifier can be powered with batteries and used with commercially available 

coils of much larger dimensions without the need to interface it to the scanner. Finally, since 

negative resistance amplification provides a method for artificially manipulating the Q of a 

sample circuit, especially in coils with homogenous field, one could potentially use them for 

novel nonlinear experiments involving radiation damping (20,21), which has been used to 

improve contrast in MRI (22).
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Fig. 1. 
The schematic (a) and a photograph (b) of the negative resistance circuit. A low-frequency 

model of transistor and circuit in grounded drain configuration is shown in (c). In (d) the 

admittance Yg at the gate terminals can be represented as a gate capacitance in parallel with 

a (lossless) negative resistance.

Qian et al. Page 8

Magn Reson Med. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
(a) S21 transmission curves measured with a double pick-up loop positioned above the 

sample coil and connected to an Agilent E5061A network analyzer. The left most curve was 

measured without any bias voltage applied to the source varactor Cs. With the drain of the 

transistor biased at 0.8 V, a series of curves were measured with the source varactor biased 

from 0 V to 3.5 V in 0.5 V steps, respectively. (b) For each biasing condition, |Rneg| was 

evaluated from Eq. [1], as described in the text, with the optimum value occurring at 2 V.
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Fig. 3. 
(a) Zoomed in view of coronal images of the gel samples with a scaling factor of 2. The 

sample was first scanned with a coil with direct wire connection to the scanner receiver, and 

then with the negative resistance resonator placed in close proximity (3 cm) to the #2 

element of the Siemens Flex coil. The SNR was evaluated in the regions defined by the 

small circles. (b) SNR data obtained from the coronal images normalized to the single SNR 

obtained from the coil with direct cable connection to the scanner interface. SNR’s were 

obtained from a passive coil and gel placed at four locations along the axis of the #2 element 
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of the Flex coil (nominal radius = 6.5 cm), and from the active coil and sample from the 

same locations. Acquisition parameters for all SNR measurements were: TE = 5.4 ms, TR = 

500 ms, FA = 90 deg, NS = 1, in-plane resolution 252 × 252 µm2, FOV = 12.9 × 12.9 cm2, 

slice thickness = 1.5 mm.
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Fig. 4. 
(a) A schematic illustration of a negative resistance detector placed on mouse head to 

enhance local detection sensitivity. The negative resistance detector is inductively coupled to 

a much larger chest coil used in a clinical MRI scanner. (b) The coronal and transverse 

images from the head of a mouse acquired on the Skyra 3T Siemens scanner. Both images 

have an in-plane resolution of 156 × 156 µm2 and slice thickness of 0.3 mm. Images were 

acquired with FOV = 3 × 3 cm2, TE = 12.9 ms, TR = 575 ms, FA = 40 deg, NS = 4, and an 
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imaging bandwidth of 19.2 kHz. The SNR was evaluated in the regions defined by the small 

circles.

Qian et al. Page 13

Magn Reson Med. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Methods
	Results
	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4

