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Abstract: Radio waves and strong magnetic fields are used by Magnetic Resonance Imaging (MRI) scanners to detect tumours, wounds and visualize detailed images of the human body. Wi-Fi and other medical devices placed in the MRI procedure room produces RF noise in MRI Images. The RF noise is the result of electromagnetic emissions produced by Wi-Fi and other medical devices that interfere with the operation of the MRI scanner. Existing techniques for RF noise mitigation involve RF shielding techniques which induce eddy currents that affect the MRI image quality. RF shielding techniques are complex and lead to RF leakage. VLC (Visible light Communication) is an emerging and efficient technology to avoid RF interference near MRI scanners. Range augmentation with power conservation of the LED is a big challenge in existing VLC systems. The major objective of the proposed work is to develop an intelligent-MRI room design without RF interference using visible light communication and enhance the distance between VLC transmitter and VLC receiver. In this paper, it is proposed to implement VLC using On-Off keying modulation and enhance distance using large active area photodiodes with Automatic Gain Control Circuit (AGC) using software and hardware. The performance of the proposed intelligent MRI-VLC system is analyzed by calculating Bit Error Rate at an inclined distance of 50 cm away from line of sight of the LED. The Experimental results showed that the maximum distance achieved was 400 cm at Bit Error Rate (BER) of 1.5 × 10−5.
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1  Introduction

Magnetic Resonance Imaging (MRI) machines use a powerful magnetic field to produce two Dimensional (2D) or three Dimensional (3D) images of the internal body. It is a non-invasive radiology which has the capability to represent morphological alterations in the body. It is used to differentiate a healthy and a diseased tissue of internal organs. It helps in early detection and treatment of disease without any side effects. Positron Emission Tomography (PET) combined with MRI, a hybrid imaging technique is useful for functional, structural, and molecular imaging. Simultaneous acquisition of PET data when PET detectors are integrated into MRI gantry can produce RF interference which can result in noise artifacts in MRI images. The strong magnetic field of MRI rooms malfunctions any electronic equipment inside the room due to RF interference. To prevent electromagnetic radiation from distorting the MRI signal and to prevent the electromagnetic radiation generated by the MRI scanner from causing interference with nearby medical devices, RF shielding is mandatory.

The RF shielding includes enclosure of the entire room such as walls, floor, and ceiling with copper wrapped wood panels. This RF shielding technique is very tedious and complex, since the ceiling should be suspended from the RF shield to provide space for lightning. The door must be sealed by a set of electric contacts or metallic pneumatic tube. Due to repetitive opening and closing, the RF shield around the door is frequently damaged and provides a common source of RF leakage into the room. Moreover, pipes and wires through the walls require penetration panels that contain RF filters and waveguides. The RF shielded MRI room produces RF leaks when a high field strength magnet over 4000 kg is placed inside shielded room [1]. Also after installation of the field strength magnet, environmental factors such as moisture also creates problem in RF shielding that leads to RF leakage.

The Existing systems use Radio Frequency (RF) shielding techniques to avoid RF interference in hospitals. Lepola et al. proposed a method for mitigation of Radiofrequency interference for EEG measurement. The electrodes of the Electroencephalograph (EEG) device were shielded by graphite or silver, which reduced the radiofrequency interference of the electrodes due to power lines. The silver layer shielding achieved a better immunity (p < 0.05) than the graphite shielding (p = 0.029) to the RF interference [2]. Pastore et al. proposed an application of carbon nano powder for concrete in building walls of hospital environment to mitigate the radiofrequency interference with the medical devices [3]. Konpang et al. developed a four port network using diplexers for wireless communication for RF interference rejection [4]. Debaillie et al. developed a dual-polarized antenna and an electrical balance duplexer for RF interference cancellation. But implementation of Duplexer and Diplexers increases the noise figure in the receiver and also simultaneous transmission and reception is not possible using duplexers [5].

Maramraju et al. proposed an aluminum shield and segmented copper shield to minimize the RF interference in MRI compatible Positron Tomography [6]. Eclov et al. implemented a notch filter to reduce RF interference in the PET data for simultaneous acquired PET-MRI [7]. Gebhardt et al. proposed RESCUE-Reduction of MRI-Signal to Noise Ratio (SNR) degradation by using an MR-synchronous low-interference PET Acquisition technique. In this method, the PET data acquisition during the reception of the MR signal was interrupted to minimize the RF interference and the SNR of the MRI data was preserved [8]. Gebhardt et al. also implemented a modified firmware using Field Programmable Gate Array (FPGA) in an MR-compatible PET device. The clock frequencies of the PET device were shifted to reduce the RF interference [9]. Lee et al. implemented optical cables of 20 m long instead of electrical connection between the PET and MRI ground. The optical cables make the PRT detectors float from the MRI ground which can reduce the RF interference in PET compatible MRI [10]. Lim et al. proposed an aluminum-plated conductive fabric shield for PET detectors in hybrid PET/MRI. The Aluminum conductive fabric shield was inserted into the PET detector to reduce the RF interference in hybrid PET/MRI [11]. But the existing RF shielding in MRI, induce eddy currents which affect the MRI image quality. Additionally, the installation of filters, optical cables, and firmware increases the complexity of the MRI and the cost of installation. The proposed Intelligent MRI system is based on VLC (Visible light Communication), one of the emerging and efficient technologies to avoid RF interference near MRI scanners. VLC is very safe, cost effective, and robust for communication against radio frequency interferences [12].

VLC uses Light Emitting Diode (LED) for transmission, where the data is encoded with the intensity of light. Photo detectors such as photodiodes, Light Dependent Resistors (LDRs), and photo-transistors are used. A photodiode is highly recommended in VLC, since it has better fall-rise time compared to photo-transistor and LDR. On the other hand, a photodiode can be replaced by an LED that can act both as transmitter and receiver. White to white LED communication was proposed by Kim and Lee, where a data rate of 200 b/s and a distance of 10 cm were achieved [13]. A red to red LED VLC system was implemented by Varanava and Kantipudi at a frequency of 1 KHz and distance achieved was 7.6 cm [14].

Cheong et al. investigated a VLC system for biomedical signal transmission. Electrocardiography (ECG) signal with patient information was transmitted at a distance of 50 cm and a BER of 10−6 was achieved [15]. Dhatchayeny et al. demonstrated transmission of Electroencephalography signal (EEG) using VLC. RGB LEDs were used to transmit the EEG data in parallel streams of red, green, and blue color at a limited distance of 50 cm. By using this color cluster of LEDs for EEG transmission, the reliability and efficiency of the VLC system were improved [16]. Tan et al. transmitted real-time biomedical signal ECG signal along with patient information using VLC following HL7 protocol at a distance of 50 cm [17]. Priyadharsini and Kunthavai discussed a limited range VLC system of about 60 cm for Photoplethysmograph and Oxygen Saturation (SPO2) transmission [18]. He et al. proposed a real-time audio and video broadcasting system. Audio and video were captured using a Video camera, amplified and both the data were superimposed with the help of a T-bias circuit [19]. The distance achieved using this method was 2 m. The distance achieved by the existing VLC systems was very less which can be enhanced by a cluster of LEDs at the transmitter. This could not be considered as an optimal solution as more energy is wasted by using a cluster of LEDs that decreases the power efficiency of the VLC system. The main objective of the proposed intelligent MRI-VLC is
•   To reduce RF interference in MRI scanners using VLC.

•   To increase the range of communication even when the transmitter and the receiver are at non-line of sight with each other.

The proposed system can be used by doctors and healthcare experts for MRI image analysis. In the proposed system, the MRI procedure room is linked to the MRI control room as well as to the diagnosis room. The Image acquisition is performed by the MRI technician in the MRI control room. The doctors analyze the received MRI image in the diagnosis room.

2  Intelligent MRI-VLC System Design

MRI machines, in the presence of Wireless Fidelity (Wi-Fi) or any other medical devices, produce Radio frequency interference. Currently, RF shielding techniques are mandatory in MRI procedure rooms to avoid RF interference. Owing to the complexity of RF shielding techniques, the intelligent MRI indoor room design is proposed that uses visible light communication for MRI images, instead of Wi-fi. MRI rooms are already equipped with LED lights through which MRI is transmitted. The geometrical model of the proposed design is shown in Fig. 1. The proposed intelligent MRI-VLC set up has LED as transmitter, fixed to the ceiling and the receiver is attached to the MRI bed that moves inward and outward direction to scan and produce 2D or 3D images of the internal body of the patient. The received images are sent to the diagnosis center for further investigation.
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Figure 1: The geometrical model for the proposed design

When the transmitter and the receiver are in the line of sight with each other, the radiation angle of the LED will be wide and directed towards the field of view of the receiver. Consequently, the output voltage will be optimized. The radiation angle of the LED will be directed away from the field of view of the receiver when both the transmitter and the receiver are in non-line of sight with each other as a result of which the received output voltage will be minimized. There is a need to increase output voltage for demodulation in the case of non-line of sight communication. Figs. 2 and 3 show the Intelligent MRI-VLC system with Transmitter in Line Of Sight (LOS) and non-line of sight with the receiver.
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Figure 2: Intelligent MRI-VLC system with transmitter in line of sight (LOS) with receiver
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Figure 3: Intelligent MRI-VLC system with transmitter in non-LOS with receiver using AGC

The Transmitter in the MRI procedure room is linked to the Personal Computer (PC) in the control room where the MRI image acquisition is performed by the MRI technician and the receiver placed in the MRI bed is linked to the diagnosis room, where the doctors interpret the results. The MRI bed comes into the line of sight as shown in Fig. 2 and to the non-line of sight as shown in Fig. 3 with the receiver. As the patient lies on the MRI bed, the 2D or the 3D image of the body is viewed by MRI technician in the control room, the PC in the control room is embedded with the LabVIEW code for VLC transmission through the LED. The VLC transmission code is a LabVIEW program for image transmission through a VISA port. The image acquisition is performed using NI-IMAQ in LabVIEW. The acquired MRI image is read and converted into pixel values. The pixel values are extracted into the 2D array and converted into spreadsheet strings using the spreadsheet string function. These spreadsheet strings are to be transmitted through a VISA port. An FDTI-USB to UART driver converts the spreadsheet strings into data signals and sends them to the transmitter circuit.

The transmitter circuit has a 555 timer circuit that generates 100 KHz carrier signals to drive the LED. The modulation is performed by a 555 timer using On-Off Keying (OOK) modulation. ULN203 is used as an LED driver to boost the voltage signals that drive high-power LED. A 3 watt LED is used for communication as well as illumination. The Receiver circuit is attached to the MRI bed. At the stationary position, the receiver is in the line of sight with the transmitter. The field of view of the LED is increased without using high-power LEDs in the MRI room. The receiver circuit consists of a trans-impedance amplifier with a photodiode. The received signal is corrupted by noise from the ambient atmosphere and the receiver electronics. Hence, the signal is applied to a high pass filter to recover the original signal from noise. When the patient MRI-bed is moved inward, the received signal is attenuated as the voltage of the trans-impedance amplifier decreases as the distance increases. Hence there is a need for an automatic gain control circuit to produce constant output voltage, even though incident light is minimal. The output voltage of AGC is fed to the PC in the diagnosis room. The architectural diagram for image transmission and reception is shown in Fig. 4.
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Figure 4: The architectural diagram for image transmission and reception using VLC

In the diagnosis room, the signals are converted from Transistor-Transistor Logic (TTL) logic into RS-232 logic. Demodulation using LabVIEW code is done where the incoming strings are converted into the array and then into an MRI image.

2.1 MRI-VLC Transmitter Design

The proposed VLC transmitter has a 555-timer circuit to generate carrier signals for data modulation as shown in Fig. 5. The hardware circuit of the transmitter circuit is shown in Fig. 6. Fig. 7 shows the oscilloscope output for the 555 timer circuit after OOK modulation.
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Figure 5: Transmitter 555 timer circuit
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Figure 6: Hardware of the transmitter 555 timer circuit
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Figure 7: Oscilloscope output of 555 timer circuit after OOK modulation

2.2 MRI-VLC Receiver Design

The proposed analog VLC receiver design has a photodiode, trans-impedance amplifier, filter, Automatic Gain control Circuit (AGC). Along with the hardware design; the circuit was simulated using a simulator tool, TINA TI simulation software that has all features needed for a circuit simulation that helps to run and compile the design and thus saves time and cost for building the circuit in real-time implementation.

The proposed design used two large active photodiodes. One photodiode was OSD-100E from Centronics. It has a responsivity of 60 nA and an active area of 100 mm2. At 12 V, it has a junction capacitance of 520 and 2500 pF at 0 V. This photodiode has peak sensitivity at 630 nm and shunt resistance of 15 M ohm. Another photodiode used is PS-100H from the first sensor. It has an active area of 100 mm2 and a high-speed epitaxial Positive Intrinsic Negative (PIN) photodiode. This photodiode has a non-hermetic ceramic carrier package with a glass window. It has a junction capacitance of 350 pF at 20 V and 1400 pF at 0 V. This photodiode has a shunt resistance of 50 M ohm and responsivity of 0.4 A/Watt at 632 nm.

The trans-impedance amplifier chosen is AD712 from analog devices. This amplifier is desirable for the long-range line of sight and non-line of sight application. The TINA simulation for OSD-100E and PS-100H with trans-impedance amplifier is shown in Figs. 8 and 9. The hardware of the receiver circuit is shown in Fig. 10.
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Figure 8: Circuit simulation for OSD-100E
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Figure 9: Circuit simulation for PS-100H
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Figure 10: Hardware of the reciever circuit

The design of trans-impedance amplifier uses feedback resistance (Rfb), and feedback capacitance (Cfb) connected in parallel with each other. The value of Rfb [20] is calculated by using Eq. (1)


Rfb=(VoutIpeak)
(1)

where, Rfb is the feedback resistance.

Ipeak is the peak current of the photodiode.

Vout is the desired output voltage of the trans-impedance amplifier.

The value of Cfb [20] is calculated using the Eq. (2)


Cfb=sqrt (Cjn+Cinput2πRfbF)
(2)

where, Cfb is the feedback capacitance

Cjn is the junction capacitance and Cinput is the input capacitance of the amplifier

F is the desired frequency

The photodiode used in the proposed work is configured in photoconductive mode, where reverse bias is applied to the PN junction of the photodiode, which minimizes the junction capacitance of the photodiode and hence maximizes the width of the depletion region of the photodiode. As a result, the amplifier’s response is fast and stable.

In the proposed intelligent MRI design, an active area high pass filter with a cutoff frequency of 20 kHz using Sallenkey topology was designed to eliminate the interference from the sunlight and ambient incandescent light frequency as shown in Fig. 11. The use of a non-inverting amplifier in Sallenkey topology increases the voltage gain which is apt for long-range communication. The transfer function for the Sallenkey topology [20] is shown in Eq. (3).


H(s)=s′2s′2+ωo′s′Q+ωo′2s′    
(3)

where, ω’o = 2πfcC


fc=1/(2πRaRbCa Cb)
(4)
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Figure 11: Simulation of high pass filter

In Equation [20] (4), Ra = Rb = R’ and Ca = Cb = C’ = 100 pF is set. The cut off frequency fc = 30 kHz. The value of R is calculated using equation [20] (6) and R = 79 K ohm is obtained.


fc=12πR′C′
(5)


R′=12πfcC′
(6)

The main objective of the intelligent-MRI VLC system is to receive MRI images even when both the LED and photodiodes are in non-line of sight and when the MRI scanner is in mobility. Hence, there is a need for an automatic gain control at the output. The design of AGC in an analog front-end receiver circuit makes the output voltage stable without the requirement of the analog comparator with hysteresis in VLC [21]. Yeh et al. proposed automatic gain control in the receiver design where the output received were only up to 1.5 meters [22]. Zhang et al. proposed automatic gain control for dynamic visible light communication where the maximum distance achieved were 3 meters [23]. Fuada et al. designed a VLC system using automatic gain control circuit where the optical distance varied between 30 to 150 cm [24]. An automatic gain control circuit increases the receiver gain when the signal is very weak and reduces the receiver gain when the signal is very strong. The automatic gain control circuit designed for the proposed intelligent MRI system uses LM13700 from Texas instruments. Fig. 12 shows the circuit simulation for the automatic gain control circuit.
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Figure 12: Circuit simulation of automatic gain control circuit

3  Results and Discussion

An intelligent-MRI VLC has been implemented for MRI image transmission using VLC and RF interference is eliminated. The proposed intelligent-MRI VLC system is experimentally analyzed using MRI images of different sizes i.e., 100, 115, and 120 KB respectively. These MRI images of the chest are downloaded from a medical database physionet.org. The downloaded MRI images are of T1 weighted type, which has grey matter darker than white matter was used for the proposed work. Images are acquired using Image Acquisition (IMAQ) in LabVIEW and transmitted using visible light in an indoor environment. The downloaded MRI images of various sizes are shown in Figs. 13–15.
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Figure 13: 100 KB MRI image
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Figure 14: 115 KB MRI image
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Figure 15: 120 KB MRI image

The field of view of the Receiver is increased by using two large active area photodiodes along with automatic gain control in the receiver. The plot of gain and phase against the frequency of the photodiode is analyzed by ac transfer characteristics. The AC transfer characteristics for OSD-100E and PS-100H photodiodes are shown in Figs. 16 and 17. From Figs. 16 and 17, it is inferred that the photodiode OSD-100E has a better gain of 83 db compared to the PS-100H photodiode that has 59 db at 100 kHz. The gain of the OSD-100E trans-impedance amplifier is better because of its fast response, as the junction capacitance is high for OSD-100E compared to PS-100H which results in a larger collective area and better response compared to the PS-100H photodiode trans-impedance amplifier.
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Figure 16: AC transfer characteristics of OSD-100E
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Figure 17: AC transfer characteristics of PS-100H

An active high pass filter with a cut-off frequency of 20 kHz was designed using IC opa695 using Sallenkey topology. This cutoff frequency is chosen to eliminate the ambient light interference. The ac transfer characteristics for the high pass filter are shown in Fig. 18. The automatic gain control circuit was designed using LM13700. The relationship between the input and the output voltage of the AGC circuit is analyzed using the dc transfer characteristics. The dc characteristics of the automatic gain control with input 0.5 to 1 V as well as 0 to 20 V are shown in Figs. 19 and 20, respectively.
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Figure 18: AC transfer characteristics of high pass filter
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Figure 19: DC transfer characteristics of automatic gain control circuit with input 0.5 to 1 V
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Figure 20: DC transfer characteristics of automatic gain control circuit with input 0 to 20 V

From Figs. 19 and 20, it is observed that even if the input voltage is varied 0.5 to 1 V, and from 0 to 20 V, the output voltage is constant (4 V). Hence, it can be observed that even when the transmitted LED signal is very low, the receiver is able to produce a constant output voltage at a long-range. The proposed intelligent MRI VLC is implemented in both software as well as hardware. MRI images of different sizes are transmitted using LED on the roof of the MRI room and are received at different baud rates in the receiver. The graphs for Baud rate vs. distance for the line of sight and non-line of sight and View angle vs. Baud rate are shown in Figs. 21 and 22, respectively.
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Figure 21: Baud rate in bits per second vs. distance in cm
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Figure 22: Baud rate in bits per second vs. LED view angle in degrees

The maximum baud rate achieved by both the photodiodes is 38400 bits per second. At 38400 bits per second, the maximum distances achieved are 290 and 300 cm for PS-100H and OSD-100E photodiodes for the line of sight and 235 and 180 cm for the non-line of sight. At 1200 bits per second, a maximum distance of 450 and 400 cm for OSD-100E and PS-100H photodiodes, for the line of sight and 400 and 350 cm for non-line of sight are achieved, respectively. Hence as the speed of the transmission increases, the distance between the transmitter and the receiver decreases. OSD-100E has better speed and response compared to PS-100H photodiode, because of its wider depletion region and less junction capacitance compared to PS-100H photodiode as shown in Fig. 21. The main objective of this proposed work was to increase the field of view of the receiver and to receive the data, even when the LED is kept out of sight from the receiver. The view angle of LED is inversely proportional to the baud rate as shown in Fig. 22.

The receiver received the MRI image even when the LED is oriented 180° away from the line of sight of the receiver at a baud rate of 1200 bits per second as shown in Fig. 22 and the view angle decreased with the baud rate. The performance of the proposed intelligent MRI-VLC system is analyzed by calculating Signal-to-Noise Ratio (SNR), BER. During the course of transmission from LED to the receiver in the MRI plane, the optical power gets attenuated due to noise. Noises such as a shot, thermal, and dark current of the photodiode affect the received optical signal. The Signal to Noise Ratio and BER is calculated using the following Eqs. (7) and (8)


(SNR)′=(RespPre)2σsum_noise2
(7)

where, Resp is the Responsivity of the photodiode

Pre is the received signal power

σsum_noise is the total noise including shot noise, thermal noise, dark current and noise due to background light.


BER=Q(SNR)′
(8)

where, 
SNR=(RespPre)2/σsum_noise2

The BER vs. SNR for PS-100H and OSD-100E is shown in Fig. 23. The standard SNR value in On-Off Keying-Non return to zero (OOK-NRZ) modulation is 13.6 dB, at which the optimum value of BER should be at least 10−6. The theoretical SNR value at 13.6 dB should be a stable error-free communication [25,26]. Hence, the proposed intelligent VLC system is analyzed at 13.6 dB of SNR and error-free at BER of 10−12.
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Figure 23: BER vs. SNR

At 13.6 dB, a BER of 8.07 × 10−12 for OSD-100E and a BER of 9.43 × 10−12 for PS-100H photodiodes are achieved. The graphs for BER vs. Distance for OSD-100E and PS-100H are shown in Figs. 24 and 25, respectively. At the distance of 400 cm, BER is 1.5 × 10−5 for OSD-100E and at 360 cm BER is 2.59 × 10−5 as shown in the figure. Hence, the BER value is high as the distance increases as shown in Figs. 24 and 25 for OSD-100E and PS-100H photodiodes, respectively.
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Figure 24: BER vs. distance–OSD-100E
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Figure 25: BER vs. distance–PS-100H

From the experimental results, it is clear that MRI images are received even when the receiver was inclined at a distance of 50 cm and an angle of 180° away from the transmitter. Hence, the active area of the receiver is enhanced by using large active area photodiodes like PS-100H and OSD-100E along with the automatic gain control circuit and their performance is analyzed by calculating and plotting Bit error rate against distance.

4  Conclusion

The RF shielding techniques for MRI were complex and lead to RF leakage. The Existing RF shielding techniques for RF noise mitigation induced eddy currents affecting the MRI image quality. The radio frequency interference at the MRI scan was eliminated using the proposed intelligent MRI design and range augmentation was achieved using the proposed analog VLC receiver with large active area photodiodes and Automatic gain control circuit. The Experimental results show that the MRI images were received even when the receiver was inclined at a distance of 50 cm away from the LED. The implementation cost associated with RF shielding techniques was essentially reduced by using LEDs, which were employed for both communication and lighting. The images were received at a distance up to 400 cm at a bit error rate of 1.5 × 10−5 for OSD-100E and up to 360 cm, a Bit error rate of 2.5 × 10−5 for PS-100H respectively. The performance of OSD-100E was better in terms of speed and response compared to the PS-100H photodiode, due to its wider depletion region and less junction capacitance. Therefore, the MRI images can be received even when the receiver plane of the MRI scanner is dynamic. The future work focuses on the real-time transmission of biomedical signals using the proposed receiver hardware and the elimination of noise in real-time biomedical signals using FPGA as well as real time validation of MRI images in hospital. Hence the Radiofrequency interference is eliminated and MRI images are received without any artifacts leading to accurate diagnosis for patients.
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