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Abstract

In this paper, a digital wireless transmission system based on 802.11b standard for magnetic resonance imaging (MRI) application is
designed and built for the first time to eliminate the interference aroused by coil array cables. The analysis shows that the wireless receiver
has a very high sensitivity to detect MRI signals. The modulation technique of differential quadrature phase shift keyed (DQPSK) can be
applied to MRI data transmission with rate of 2 Mbps and bandwidth of 2 MHz. The bench test verifies that this wireless link has a
dynamic range over 86 dB supporting up to 3T MRI system data transmission. The 2D spin echo imaging of phantom is performed
and the SNR of the image obtained by the wireless transmission can be comparable with that got by the coaxial cables.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

It is advantageous in magnetic resonance imaging (MRI)
systems to employ multiple local or surface coils, which can
be optimized for large volume samples without significantly
sacrificing signal-to-noise ratio (SNR)[1]. Each coil arrange-
ment is connected to the reception circuit via a coaxial cable.
The cable and the required connectors, however, represent a
limitation on the ease of operation, especially as the number
of coil elements increase due to the requirement of MR par-
allel imaging [2]. Also because of the proximity of coaxial
cables of the multiple receive coils with respect to one an-
other, disturbing effects, ghosting and other SNR related
problems are liable to occur [3,4].

Wireless transmission should be a good choice to replace
cable connections of the coil arrays to minimize their cross
talks. In recent years, several proposals of using wireless
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transmission for MRI have been reported [5,6]. Amplitude
modulation (AM) and single sideband (SSB) analog wire-
less techniques have been used to design transponders for
RF coils [7]. Compared to this analog transmission tech-
nique, digital transmission has better noise immunity, more
stability and flexibility, and is code error free.

A simple schematic figure of the MRI transceiver is
shown in Fig. 1. A transmitter excites the object with RF
pulse sequence, and a receiver processes the RF signal in-
duced by the precessing net magnetization from the object.
Two different designs of wireless transmission for MRI sig-
nals are shown in Fig. 2. The analog transmission as in
Fig. 2a is realized if a wireless transceiver is added between
1-1” in Fig. 1 or between 2-2”, a digital transmission as in
Fig. 2b is implemented.

In this work, a digital wireless transmission system for
MRI signals has been built. This system is based on
wireless local area networks (WLAN) 802.11b standard
[8], which reaches the speed of 11 Mbps in 2.4 GHz
band.
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Fig. 1. Schematic figure of MRI transceiver circuit.
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Fig. 2. Schematic figure of wireless transmission for MRI signals. (a) Analog method. (b) Digital method.

2. Methods
2.1. System overview

The system schematic of digital wireless transmission in
this work is shown in Fig. 3. The digital signal processor
(DSP) controls the down converting reference signal which
is generated by using the technique of direct digital synthe-
sizer (DDS), accepts the data from the analog to digital
converter (ADC) and sends the processed data to wireless
transceiver by Ethernet Port which is integrated on board
with DSP. All these processing circuits and wireless trans-
mitter can be integrated with the receive coil in the future
work. The data accepted by the wireless receiver are sent
to the PC to be imaged.

Our wireless transmission link is based on 802.11b stan-
dard. There are 14 standard channels defined for §02.11b
from 2.4000 to 2.487 GHz. All channels are evenly spaced
at 5 MHz intervals and each channel occupies the band-
width of 22 MHz. However, only three channels like 1, 6,
and 11 can be assigned to an 802.11 network simulta-

neously without frequency overlap. If one channel trans-
mits one coil element signal, there are only three coil
array signals can be wirelessly transmitted. In order to
transmit much more MRI signals simultaneously, the
method of frequency division multiplexing (FDM) is ap-
plied here, which makes it possible for each transmission
channel defined by 802.11b to carry multi-channel MR sig-
nals modulated at different frequencies.

The MRI signal can be treated as a resonant frequency
modulated RF signal with a typical bandwidth of dozens of
kHz on both sides. In the pre-processing circuit, the multi-
plier mixes original MRI signal with synchronous reference
signal generated by programmable DDS device, which is
controlled by DSP. After the mixed signal is sent to the fil-
ter and the up converting part is removed, the MR signal
frequency of each channel is down converted to different
lower frequencies, such as 200, 400 kHz, etc. respectively.
Each of these down converted signals occupies the band-
width of less than 200 kHz. Then these FDM signals are
combined together and sent to the post-processing unit to
be digitized and ready to be transmitted wirelessly.
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Fig. 3. Schematic figure of digital wireless transmission system based on 802.11b.
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In our system, a wireless embedded device WiPort™
(Lantronix, Irvine CA, USA) is used as the wireless trans-
ceiver, which is a complete network-enabling solution
based on the IEEE 802.11b wireless standard. This Wiport
module can function independently of PC and is connected
to the signal processing circuit by an Ethernet interface.

2.2. Wireless link budget

Assume an MRI image pixel size is 128 x 128, and each
pixel contains 4 bytes (Siemens Trio 3T) to describe the im-
age depth with gray scale. For such an image, it contains
IM bits (real and imaginary part together). If we assume
one image per second normally (for typical ultra high-
speed imaging echo-planar imaging (EPI) [9], the rate is
10-18 images/s), then the transmission data rate is 1 Mbps.
So in this work, a wireless digital link capable of at least
1 Mbps throughput at about 30-m indoors (MRI accom-
modation) is desired. However, in order to accommodate
framing, overhead, and checksum for the wireless link,
the higher data rate more than 1 Mbps may be necessary.
Typically, throughput is about 70-75% of peak data rate.
Thus, the required data rate for the wireless link is roughly
1.4 Mbps. Differential quadrature phase shift keyed
(DQPSK) modulation technique is used here to transmit
data up to 2 Mbps (R for rate) and its null-to-null band-
width is 2 MHz (B for bandwidth). In communication,
the bit error rate (BER) should be required below 10~°
for good connections [10,13]. Here, BER is also required
below 107 for MRI applications for conservative calcula-
tion. To achieve such a BER, the required energy per bit
relative to the noise power (E,/Ny) is 13 dB, which is inde-
pendent of the system data rate and can be directly found
in the figure of probability of bit error for common modu-
lation methods [10]. Then the required SNR can be deter-
mined as follows:

SNR = (E,/Ny) * (R/B) = 19.95 x (2 Mbps/2 MHz)
=13 dB (1)

where Ej, is energy required per bit of information, Ny is
thermal noise in 1 Hz of bandwidth, R is system data rate
and B is system bandwidth.

The noise level at room temperature within the band-
width of 2 MHz is:

Noise = k7B
=1.38 x 107 J/K x 290 K x 2,000,000 s
=8x 107 mW = —111 dBm (2)

Assume the receiver has a noise figure of 6 dB, and the re-
ceiver noise floor N is,

N = —111 dBm + 6 dB = —105 dBm (3)

So the sensitivity S is:
§S=N+SNR =-105dBm + 13 dB = —92 dBm (4)

The free space path (PL) loss at 30 m for indoor propaga-
tion is 80 dB [10], and the fade margin (FM) is conserva-
tively assumed as 30 dB for reliability, so the transmit
power is estimated as:

P=N+SNR +PL+FM
—105 dBm + 13 dB + 80 dB + 30 dB =18 dBm (5)

The technical specifications of the wireless module (Wi-
Port™) chosen in this work are all within the range of this
link budget.

3. Results

The performances of the pre-processing circuit were
evaluated by a bench test with HP 8595E spectrum ana-
lyzer and HP 8647A signal generator. In the measurement,
the internal receiver bandwidth of the spectrum analyzer
was set as 10 KHz and within this bandwidth, the noise
floor was detected about —76 dBm. The power of input sig-
nals was varied from —76 to —1 dBm and their frequencies
were adjusted within 10 MHz around the synchronous ref-
erence frequency set by DDS device.

The linearity and the frequency response of the MRI sig-
nal pre-processing circuit are respectively shown in Figs. 4
6. In Fig. 4, the output power increases with the input
monotonously from —76 dBm. The power gain is 10 dB.
As the input power is over —6 dBm, the power gain com-
presses. The 1 dB compression point is —4 dBm. For the
noise floor of the spectrum analyzer within the bandwidth
of 10 KHz is —76 dBm, then within the bandwidth of 1 Hz,
the noise floor (NF; y,) is —116 dBm. So the rough calcu-
lation of the dynamic range is 112 dB. However, in fact, if
we consider the range over which a receiver does not com-
press an input signal and no spurious signal is above the re-
ceiver’s noise floor, the “spurious-free dynamic range” is
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Fig. 4. The linearity of the FDM pre-processing circuit.
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Fig. 5. Illustration of pre-processing circuit output characteristic showing
third order intercept point referred to input.
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Fig. 6. Frequency response of FDM pre-processing circuit with the input
power at —21 dBm and —66 dBm.

the best operating region. In the measurement of this dy-
namic range, two signal generators were used to supply
two equal-amplitude RF sine wave signals with a small
gap of frequency, like 12.4 and 12.6 MHz. Then the two-
third order IM terms occurs at 12.2 and 12.8 MHz. For
these two interferences are so near to the fundamental
RF signal that it is difficult to get rid of them through a fil-
ter. Therefore, these IM terms must be minimized below
the noise floor to avoid distortion. The magnitude of the
fundamental output and third order inter-modulation
(IM) output are plotted in Fig. 5. If the curves of the fun-
damental and the third order IM terms within their linear
regions, the input power at which these two curves intersect
is called the third order intercept point (IP3). For most of
practical links, both the fundamental and the third order

IM curves have been in the compression region at IP3, so
IP3 is just an ideal parameter for measure of link dynamic
range. According to [11], the spurious-free dynamic range
(SFDR) is:

SFDR = 2(IP3 — NF| y,) = 2[18.8 — (—116)]
—89.9 dB (6)

Still, the dynamic range of the pre-processing circuit can
satisfy the requirement of 86 dB dynamic range in power
at 3T [12].

For digital communication, the dynamic range of the re-
ceiver is affected by A/D conversion. Under most condi-
tions, the dynamic range of MRI signal is about 72—
96 dB and a 12-16 bit ADC is sufficient. In this study, a
16 bit ADC is chosen to guarantee a wider dynamic range.
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Fig. 7. The phantom images obtained by (a) 0.35T XinAo MRI system (b)
wireless transmission system.
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It is found in Fig. 6 that the frequency responses are flat
within the bandwidth of 8 MHz around the center frequency
set by the DDS at the input power of —21 dBm and —66 dBm
respectively. Because each of the down converted signals
occupies the bandwidth of less than 200 kHz, then an
8 MHz bandwidth can transfer at least 30 channels of MR
signals modulated at different frequencies. Consequently,
three wireless transmission channels based on 802.11b can
carry about 90 channels of MR array signals [13].

The 2D spin echo images of phantom obtained by the
traditional coaxial cable and wireless link are shown in
Fig. 7. In this MRI experiment, a commercial receive-only
head RF coil was used to detect the signals. The input of
the pre-processing circuit was connected to the output of
the preamplifier attached to the coil. MRI system synchro-
nization clock was used to synchronize our wireless trans-
mission system and control digital sampling.

Fig. 7a is got directly from XinaoMDT 0.3T MRI sys-
tem (Langfang, China). Fig. 7b is constructed with the
raw data obtained by our wireless transmission system.
In these two figures, the noise region is selected as four sep-
arate square parts of the whole background in the images.
The signal region is selected as 80% of the circular region
covering the phantom. The SNR of the phantom image ob-
tained by XinAoMDT 0.3T system (SNR = 73.2) is a little
higher than that obtained by our wireless transmission sys-
tem (SNR = 61.7). This means our transmission system
adds few noises in the transmission, but the SNR perfor-
mances are comparable for two methods.

4. Discussion and conclusion

In this work, only the MRI signal transmission is
implemented wirelessly for simplicity and feasibility. In
fact, there are still some short cables existing for connect-
ing the receive coil, pre-processing circuit and post-pro-
cessing circuit. In the future work, the multiplexer and
digital processing circuit could be integrated with the re-
ceive coil, so there will be no cables for MRI signals
transmission. In this work, the power is supplied directly
from the DC source with cables and the synchronization
signals for wireless transmission and digitization are ob-
tained from the XinaoMDT MRI system. In later work,
the battery or some circuit supplying the power from
the transmission power and the transmitter for wireless
synchronization clock signal will be designed and built
to realize the truly and completely wireless transmission
system.

The DQPSK modulation method can support normal
MRI data transmission with rate of 2 Mbps and bandwidth
of 2 MHz. However, this modulation method must be
changed if fast imaging sequences are used. For example,
in the EPI imaging, if still assume an MRI image pixel size
is 128 x 128, and each pixel contains 4 bytes to describe the
image depth with gray scale, then in one second, there
would be 10-18M bits to be transmitted. Also considering
about accommodate framing, overhead, and checksum, the

final required data rate should be 14-25 Mbps. Then the
standard of IEEE 802.11a which specifies the use of
OFDM modulation and supports data rates up to 54 Mbps
can be used. Also for parallel imaging, with the number of
array channels increasing even to 96, capacity of the stan-
dards based on 802.11 even with the application of FDM
can not satisfactorily transmit these large quantities of data
simultaneously. While more advanced modulation tech-
niques applied in wireless communication such as code
division multiplexer (CDM), etc. nowadays can be used
to transmit these large number channels of signals, but
much more complexities would be added into the circuit
design.

In summary, a digital wireless transmission link based
on 802.11b for MRI application has been designed and
implemented, which eliminates cables for array coils and
minimizes the interference between channels. The link bud-
get has shown that the sensitivity of the wireless receiver is
high enough to detect the weak MRI signals and the
DQPSK modulation method can support normal MRI
data transmission with rate of 2 Mbps and bandwidth of
2 MHz. The bench test has verified that the pre-processing
circuit has a dynamic range over 86 dB, wide enough for 3T
or lower field strength MRI systems. The SNR of phantom
image obtained by the wireless transmission can be compa-
rable with that got by the coaxial cables. The signal pro-
cessing circuit will be integrated with the receive coil and
the whole system will be improved in the future for mul-
ti-channel imaging.
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