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Short Abstract: (50 words maximum)
In this video we describe an optimized procedure for constructing a 32 channel array coil for brain MRI. We describe the basic tools and procedures for tuning and decoupling the coil on the bench and an optimized work-flow for efficiently constructing high element count array coils.
Long Abstract: (150 words minimum, 400 words maximum)

In the last decade, parallel detection of the Magnetic Resonance Imaging (MRI) signal with multiple receive-only surface coils has proven valuable for increasing image sensitivity and acquisition speed. The success of parallel imaging methods has driven the design of MR receive arrays with an increasing number of elements. The high degree of parallelism requires systemized design, construction and testing in order to implement the large number of tuned receive circuits with minimal mutual interaction and has altered the workflow for how we construct receive arrays.

The main aim of this work is to inform MRI researchers about the basic procedures for phased-array construction and describe an optimized protocol for constructing, tuning and decoupling a highly parallel array coil. The goal is to provide a better understanding of the basic experimental RF tools and procedures to facilitate the efficient design and construction of highly parallel MRI receive-arrays. We demonstrate the protocol with the construction of a 32-channel brain array of overlapped circular surface coil elements for pediatric subjects, although the basic principles apply to any array of overlapping loop elements. 

The video will go through the following steps: 1) Helmet design, 2) the layout of the array elements, 3) constructing and tuning two single loop elements, 4) estimating the coil quality factor, 5) adjusting the two single loops to optimize preamplifier decoupling 6) placing the neighboring elements to allow them to be efficiently constructed and inductively decoupled, 7) initial test-loop imaging, 8) assembling the array, 9) decoupling the array elements from one another, 10) tune and match the coil elements, and 11) performing final bench tests. 12) The final array coil is tested and safety checked on a 3 Tesla MRI scanner using a size matched head phantom.

Protocol Text:

In this video, we describe the step-by-step procedure which we have developed for constructing and tuning highly parallel array coils. We will describe an array geometry with coil overlaps to reduce nearest-neighbor decoupling, although the procedure becomes simpler if a gapped design is used (in which case there is no geometric overlap to optimize). If shared-capacitive decoupling is used, the procedure is similar, with the adjustment of the shared capacitor replacing the geometric optimization. Additionally, we show a design, where the preamps are mounted adjacent to each coil element to minimize losses between the inductive loop and the first stage of amplification. The close proximity between loop and preamp eliminates the need for a long cable between loop and preamplifier. In addition to reducing losses, this approach opens a new degree of freedom to match the coil’s impedance so that the load impedance seen by the preamplifier differs from the traditional 50 Ohm. This load impedance must be matched to the load impedance ZNM required to operate the preamplifier at the lowest noise figure (“Noise Match” condition) but can, in principle, be chosen to be different from 50 Ohms based on preamplifier design considerations or to facilitate some aspect of the coil matching circuit. Choices other than the traditional 50 Ohm complicate certain measurements, where it is necessary to temporarily transform the coil impedance to 50 Ohm so that it can be connected to the port of a network analyzer (with 50 Ohm input impedance). Nonetheless, we describe the construction procedure for this general case. 

1 
Helmet and Phantom Design
1.1
Obtain surface contours of aligned 3D MRI scans from N~20 subjects to determine the proper helmet shape for the target population (in the presented array we use data from 1yro children). Dilate the 95% contour to accommodate at least 3 mm foam padding. 
1.2
Import the surface contours into a 3D CAD program and design a digital model of the helmet. In the presented array, the helmet is designed as a deep posterior segment covering all but the face and forehead so the child can lie down into the posterior coil section. A separate “frontal paddle” is then positioned over the forehead. This configuration simplifies the need to mate the two segments and avoids a single helmet which comes down over the head. Additionally, it maintains an open area over the eyes and face. The helmet model is shown in Fig. 1.
1.4
Design a size-matched head-shaped phantom with the CAD program based on the 50th percentile head contour. This phantom is later used as a load phantom during adjustments at the bench as well for all image tests on the MRI scanner. 
2
Loop layout 
2.1
The next step is to layout the pattern of overlapping circular coils which geometrically “tile” the 2D space defined by the helmet model and the desired anatomical coverage. Using the “soccer-ball” tiling pattern1 with hexagons and pentagons, tile the desired area with hexagons and pentagons and engrave this pattern onto the helmet within the CAD design.  Each of these shapes will ultimately mark the location of a circular loop coil. The goal is to completely tile the curved surface using these hexagonal and pentagonal elements. The hexagon-only tiling pattern (one hexagon surrounded by 6 other hexagons) naturally tiles flat areas while the “soccer ball” geometry (one pentagon surrounded by 5 hexagons) naturally tiles a section with spherical curvature. Figure 1 and 2 show the helmet with the tile layout for this 32 channel coil (28 channels on the posterior helmet and 4 channels on the anterior “paddle”.
2.4
Determine where to mount the preamplifiers on the helmet and add standoffs to support them to the 3D design. Consideration must be taken that the output wires of a preamp must not be routed within 2cm of the input of another preamp to avoid positive feedback and/or oscillations.  Additionally, the Hall effect alters the input impedance of the preamplifier if the B0 field is normal to the plane of the preamplifier board for many FET geometries2.
2.5
Print the helmet and phantom designs using a 3D printer or 3D printing service. The presented array helmet and the phantom are printed in acrylonitrile butadiene styrene (ABS) plastic.
3
Loop Design for a two coil test array 
3.1
Construct a pair of test loops to determine the values of the needed capacitors needed to resonate the loop at the Larmor frequency. The full schematic is shown in Fig. 3. The diameters of the loop coils corresponding to the pentagon/hexagon tiles on the helmet are determined from the size of the pentagon/hexagon tiles; the loop diameter is slightly larger than the diameter of the circle which inscribes the vertexes of the hexagon/pentagons.
3.2
Divide each loop symmetrically by two gaps (see schematic circuit in Fig. 3, and photo in Fig. 4), where each half of the loop is joined at the top by the tuning capacitor and at the bottom by the output-circuit. Construct small FR4 circuit boards for these two sub-circuits and glue them into position at the proper location.
3.3
Use 16-awg thick tin-plated copper wire to form the loops with bridges to allow the coil conductors to cross-over one another without touching.  Bend the “humps” which will allow one wire to pass under another using a jig which bends the wire over a bolt. Solder them onto the small circuit boards.
3.4
Solder the variable capacitor C3 and series fuse F on the top circuit board. The variable capacitor will be used later to fine-tune the loop resonance and the fuse provides passive protection against large currents potentially induced during transmit.
3.5
Solder two fixed-value chip capacitors (C1, C2) to the output circuit-board as a capacitive voltage divider (shown in detail in the photo of Fig. 5) to provide an electrical coil symmetry and match the elements output to the impedance, ZNM, desired by the preamplifier for an optimized noise match.

3.6 
The drive-point circuit board also incorporates an active detuning circuit across the match capacitor. Solder a PIN diode D in series with a variable inductor L (see Fig 3 and 5), which together with the match capacitor C1 resonates at the Larmor frequency. Thus, when the PIN diode is forward biased (transmit mode), the resonant parallel LC1 circuit inserts a high impedance in series with the coil loop, blocking current flow at the Larmor frequency during transmit.
3.7
To tune the LC1 circuit to the Larmor frequency measure S11 using a small single pickup loop (“sniffer probe” marked in Fig. 5 and Fig 12c) connected to the network analyzer S11 measurement as shown in Figure 5. First remove C3 so that the main coil loop is not resonant, then forward bias the PIN diode (conductive state). Adjust L until the detected resonance of LC1 is at the Larmor frequency.

3.8
Replace C3 so that the main loop is now a complete circuit.

3.9
Tune the main loop using a double probe under S12 measure. Set the resonant S12 peak to the Larmor resonance frequency (123.25 MHz for the Siemens 3T system) by changing the capacitance of C3.

3.10
Hold the double probe in the same position over the loop (loosely coupled) while actively switching the forward bias of the PIN diode on an off.  Observe the difference in S12 at the Larmor frequency (Fig. 6 middle). Expect the active detuning to produce S12 >35 dB isolation between these two states (see Fig. 6). Later we will repeat this measure for each loop with the element properly terminated with the preamplifier.

3.11
Repeat this procedure for the second test loop with the PIN diode of the first loop forward biased so that the loop is detuned.

4
Coil quality factor
4.1
After the determination of the loop sizes and needed components, calculate the coil quality factor (Q). This is determined from the 3dB width of the resonance response in the S12 trace (see Fig. 4). The Q describes how much the reactive impedance dominates over the resistive impedance in the loop coil. It specifies the power dissipation in loss mechanisms relative to the energy stored in the tuned circuit. Under sample-loaded conditions, the resistive loss mechanisms are the sum of the coil and sample resistances (as well as minor radiative losses). Care should be taken that the probes are not too close to the loop under test (and thus perturbing the measurement) and that conductive material (such as tools and solder wire) is removed from the area during the test.
4.2
Measure the ratio of the coil quality factor in the unloaded state (Qunload) and a loaded coil state (Qload, where the load is the head shaped phantom filled with physiological saline and Gadolinium) for an isolated coil loop.
4.3
Re-measure the ratio of Qunload and Qload for a loop under test surrounded by its six non-resonant neighboring elements. The latter case informs us about the losses in the copper in nearest neighboring elements3,4. 
5
Preamplifier Decoupling
Preamplifier decoupling is required to reduce coupling between next-nearest and further neighbors5. Note, optimization of the preamplifier decoupling is a critical step in constructing highly parallel arrays.  The preamplifier/coil circuit should be designed so that the preamplifier performs a voltage measurement across the loop. Thus the output circuitry (match + coax + preamplifier) forms a series high impedance in the tuned loop reducing current flow and thus reducing inductive coupling with other loop elements. To transform the preamplifier input impedance to a high impedance in the loop, first transform it to a low impedance (short-circuit) across a parallel LC circuit (L and C1 in Fig. 3). This parallel LC circuit, in turn, introduces a high serial impedance in the coil loop. In this mode, minimal current flows in the loop and inductive coupling to other coils is minimized. Note, use the same L and C1 for the active detuning trap.
5.1
Attach the short (42 mm) coaxial cable to the test loops. This length is the required length to transform the preamplifier input impedance to a short-circuit across its end at the PIN diode.  Different preamplifier input impedances will require different coax lengths for this transformation. If the coax becomes inconveniently long, a ( phase shifter (lumped element coax) can be placed before the preamp to perform some of the transformation. 
5.2
Attach the preamplifier board to the coaxial cable and thus loops. Apply power to the preamplifier and make sure its output is terminated in 50 Ohms. 

5.3
Adjust the preamplifier decoupling by viewing the S12 versus frequency for the coil in the tuned state (PIN diode reverse biased) with the preamp in place and powered on using the same decoupled double probe, but with reduced power output from the network analyzer (‑25dBm). It is important that the minimum of the S21 “dip” is at the Larmor frequency (Fig. 7). Low-loss circuitry between the preamp input and the loop insures a high degree of preamplifier decoupling which can be indirectly measured by assessing the depth of the “dip” in Figure 7. If the dip is slightly off in frequency adjust the length of the coaxial cable between the loop and preamp.
5.4
Quantify the preamplifier decoupling by repeating the measurement from Part 5.3 with the preamplifier replaced by a load with the conjugate complex impedance Z*NM of the preamplifier’s noise-match impedance ZNM. For this procedure it is needed to constructed of a dummy preamplifier board with a conjugate complex input impedance Z*NM. Note, if you work with a 50 Ohm preamplifier, Z=Z*. The difference between the S12 measure at the Larmor frequency with this board and with the preamp quantifies the preamplifier decoupling6.

6
Determining the Critical Overlap
In this step, adjust the overlap between the two test loops to null their mutual inductance:
6.1
Monitor the S12 interaction between the two neighboring coils using a test probe that plugs into the circuit board at the position of the preamplifier (see Fig. 8). In our case, the impedance of the circuit at this point is not 50 Ohm. Thus, our load impedance needs to be temporarily transformed to the 50 Ohm input impedance of the network analyzer for this measurement. For this reason, construct a test probe to plug into the preamplifier socket (see Fig. 8) to provide this impedance transformation (from ZNM to the 50 Ohm expected by the network analyzer). If a preamplifier with 50 Ohm noise-match requirements is used, this step can be omitted.
6.2
Try to estimate the critical overlap of the two test loops by placing them on the helmet over the hexagonal pattern so that they have the curvature of the final array. Carefully move a loop towards the other while measuring the S12 parameter between the tuned coils (with any other loops biased to the detuned state using their active decoupling circuit).
7
Two loop array tests
7.1
Hook up the two loop array to a cable plug.  Plug the two loop array into a socket capable of simulating the scanner (providing DC power for the preamps and switchable PIN diode bias lines.) Validate the two loop test array with a final check of active detuning, preamp decoupling and resonance frequency. 

7.2
Validate the two loop array with phantom imaging tests prior to completing the construction of the larger array. Examine the images from each channel (uncombined) for decoupling between the channels and any image artifacts. Examine an image acquired with the body RF coil as the receive coil (but with the array in place). This should provide a uniform intensity image. As a second check for “surface coil focusing” of the body coil transmit field, acquire a high flip angle (2 x 360 + 90 = 810 degree) fully relaxed (long TR) GRE images with the test array as the receive coil. Incomplete detuning during transmit will manifest as banding in the high-flip image. For example, an 11% B1 focusing effect will alter the excitation by 90 degrees, creating a dark band at that location.
8
Array Assembly
8.1
Mount all drive points and capacitor solder pads, made out of FR4 circuit material, on the 
helmet.  Populate all components on the two types of circuit-board except for C3.
8.2
Cut, bend, and assemble the 16-awg thick tin-plated copper wires are over the whole array. 
8.3 
Populate the coaxial cables and preamplifier boards.

8.3
With the C​3 capacitors removed, apply bias to the PIN diode through the preamplifier board and tune all the PIN diode trap circuits using the sniffer probe procedure used for the test loops (see Part 3.7)
8.4
Solder C3 into place for all elements.

8.5
With all elements detuned by forward biasing the PIN diode, except for the element under test, adjust C3 so that the S12 resonance is at the Larmor frequency when a double-probe S12 measure is made for the element under test. The detuning of the other elements can be achieved by applying DC bias thru the preamplifier boards.

9
Geometrical Nearest-Neighbor Decoupling of the Array
The goal of the geometrical decoupling is to find a critical overlap of all adjacent coils in order to minimize the mutual decoupling between any pair of neighboring coils.  This optimization of all next neighbors is the most time consuming adjustment procedure during phased array construction.
9.1
With all but two neighboring coils detuned (by applying forward bias to the PIN diodes), monitor the S12 interaction between the two neighboring coils using the probe that plugs into the circuit board at the position of the preamplifier (see Fig. 8 and 9) as described in Part 6. 
9.2
Minimize S12 by empirically bending the crossing bridges on the loops. After each bending, the impedance of the loop is often altered, and the test probe needs to be re-adjust to keep the 50 Ohm impedance expected by the network analyzer. Re-adjust the tuning of the loop if needed too (variable capacitor C3).
9.3
After completing all combinations of elements, repeat all these adjustments with a second go-thru.
10
Tuning and Matching
10.1
After the geometrical decoupling, re-tune and re-match each element to the preamplifier’s noise matched condition by readjusting C3 using a direct S11 measurement with cables directly connected to the preamplifier sockets of the element under test (see Fig. 8 right photo). It is important that the electrical delay produced by the probe is accurately calibrated. When adjusting the tuning and matching all, other unused elements of the phased-array are detuned. This procedure is done with the array loaded with a tightly fitted head-shaped phantom. 
11
Final Bench Touch Up  
The final step of phased-array construction is a careful check up of the loop tuning, active detuning, and preamplifier decoupling:
11.1
Populate all preamplifiers and output wiring to the coil plugs. Plug the array into a simulator capable of providing the DC bias voltages and power for the preamplifiers.  
11.2
Start with all of the array elements in the detuned states (i.e. all PIN diode bias set to forward bias the diode in each element), toggle the bias voltage for a given loop on and off while monitoring the detuning using a double inductive double probe and the S12 measurement (see again Fig. 6). Maximize the difference in S12 between these two states by fine-tuning L if needed. 
11.3
Verify the preamplifier decoupling by viewing the S12 versus frequency for the coil in the tuned state using the same decoupled double probe, but with reduced power output from the network analyzer (‑25 dBm). It is important that the minimum of the S21 “dip” is at the Larmor frequency (Fig. 9). Note that this measurement requires that the preamplifier is powered on. 
11.4
Finally, check the cable trap on each plug and adjust it via an S12 measurement using current probes (Fig. 10). 
12
MRI Imaging Tests
Prior subject scanning, ensure that the coils meet the safety standards for human scanning. Note, following safety test should be viewed only as a recommendation. Human application of receive MR coils should always be approved by appropriate regulatory bodies: 
12.1
Repeat phantom imaging performance tests form Part 8 with the completed array.

12.2
Measure the RF transmit power dissipation when the detuned array coil is in the scanner and when no coil is present but with the phantom placed at the previous location. The ratio of transmit RF power should ideally be 1, or at least in a range of 0.9 and 1.1.
12.3
Estimate the heating performance of the constructed array potentially caused by eddy currents: Without RF excitation, apply multiple bipolar gradient pulses at all axes using maximum gradient amplitude and a very short gradient pulse duration (~0.3 ms). Run this sequence with a short TR and a standard matrix size of 256x256, 100 Averages and 5 measurements with a 10 sec delay in-between. Before and immediately after this scan, determine the surface temperature of the coil using an infrared temperature probe. Verify that local temperatures rose by no more than 2(C
12.3
Estimate the RF heating performance during transmit: Run two sequences with non-selective RF excitation pulses in the absence of gradient pulses. First, generate a B1 field of the body coil with ~30 μT and a duty cycle of 10% over 800 ms and second, a B1 field of the body coil with ~30 μT using a duty cycle of 5% over 15 min. After each sequence, verify again that the local temperatures rose by no more than 2(C.
12.4
Measure the noise correlation matrix for the coil by acquiring an image with no transmit RF to obtain noise time series of complex samples which can be analyzed to form the noise correlation matrix offline. Additionally, acquire an SNR measure in the phantom using the method of Kellman et al. to correctly map array image SNR7.

Representative Results: 
The ratio of Qunload-to-Qload of a loop under test, surrounded by its six non-resonant neighboring elements, was Qunload / Qload = 231 / 44 = 5.25 (see Fig. 4) for the pediatric coil shown with 60 mm diameter loops.  Thus, the noise is dominated by the sample for the constructed coil. The critical overlap ratio between the loop diameter and the center-to-center distance from two adjacent loops was found to be 0.76 Coupling between nearest neighbor elements ranged from ‑15 dB to ‑21 dB with an average of ‑17 dB (see Fig. 9.) This could be improved with an additional reduction of 23 dB via preamp decoupling (see Fig. 7). Furthermore, active PIN diode decoupling between tuned and detuned states resulted in 46 dB isolation (see Fig. 6). A 44 dB common mode current suppression could be achieved via a cable trap on each plug. The final array coil is shown in Fig. 11 and the noise correlation matrix and SNR map in the phantom are shown in Fig. 12.
Tables and Figures: 

Figure 1: 3D model of the posterior and anterior coil segments. The geometrical structure of the whole coil element layout is engraved on the helmet model. The subject can easily lie down into the deep posterior segment. A smaller separate anterior coil section is then positioned over the forehead (orange part). Subject’s eyes and face are completely unobstructed to facilitate functional studies and provide a more comfortable environment for the young population. 

Figure 2: Posterior section of the 32-channel array. Left: 3D printed helmet with pentagon/hexagon layout and standoffs for preamplifier circuit boards. Right: Assembled array coil including wire coil elements, solder pads with fuses, capacitors, diodes and inductors. All preamplifier boards were carefully orientated in z-direction to minimize Hall effect issues. 

Figure 3: Circuit schematic for the coil element and preamp chain. The coil element comprises three capacitors: C3 to adjust tuning and C1 to provide impedance noise matched impedance. C2 and C1 have equal capacitance and provide a symmetrical circuit design. A detuning trap is formed around C1 using variable inductor L and a diode D. If the detuning trap fails, an RF fuse F is inserted in the circuitry. Bias T and preamplifier are located on a separate preamp circuit board. (C1=~15pF (trimmer), C1=C2=62pF, L=~24nH (trimmer), RFC=2.2μH). 

Figure 4: Measurement of the Ratio of Qunload to Qload: All the estimations of Q-ratios should be done for both; a single loop (left) and a loop under test surrounded by its six non-resonant neighboring elements (right). Usually, copper loading of adjacent elements reduces the unloaded Q. The coil quality factor is simply given by Q=ν0/(ν, where ν0 is the center frequency and (ν is ‑3dB bandwidth. It is important that the double probe location does not change during both of the above measurements. The graphic in the middle, shows Qunload (red S21 measure) and Qload (blue S21 measure) when the neighboring elements were present. (Qunload / Qload = 231 / 44 = 5.25). 

Figure 5: Pre-adjustment of the active detuning trap using a S11 measurement and a "sniffer" probe. The variable red inductor L and the match capacitor C1 forms a parallel resonance circuit when the PIN diode D is forward biased in transmit mode. This spoils the Q of the coil element by providing a high series impedance and consequently blocking current flow at the Larmor frequency. Final results of an active detuned element is shown in Fig. 6.

Figure 6: Measurement of active detuning. The S12 change was recorded for a given array element with and without forward bias current applied to the PIN diode trap. The difference of the two states determines the isolation between the receive array and the transmit coil. During the measurement of the tuning state (red trace), the preamplifier was replaced by a conjugate complex impedance load Z*NM (power matched). The constructed array shows an active detuning isolation of 40 dB.

Figure 7: Preamplifier decoupling was estimated as the change in S21 measurement in the case of power match (red trace), which has the conjugate complex impedance of the coil impedance under load without the presence of the preamp (left) and the case of noise match (blue trace), which has termination by low impedance preamplifier (right). The difference between the two states (in dB) determines the preamp decoupling (middle). For simple checks that the preamplifier decoupling is occurring at the proper frequency, the noise match trace (red trace) is not needed, and a simple check that the dip in the noise matched (blue) trace occurs at the Larmor frequency. Since the noise matched trace is obtained with the preamplifier present, it can be verified on a completed array (with all covers and cabling) by detuning all but the coil under test using a coil plug test rig.

Figure 8: Impedance matching of the coil elements. All coil elements are designed to provide a noise matched impedance for the preamplifier. However, network analyzers are calibrated to 50 Ohm. Thus, for direct S21 measurements a temporary 50 Ohm coil impedance is needed. 32 adjustable 50 Ohm probes were plugged into the preamplifier socket to transform the coil impedance to 50 Ohm (left, and blue impedance curve on smith chart). The final noise matched coil impedance was adjusted using a well calibrated cable via smith chart recording (right, red curve on smith chart).

Figure 9: Adjustment and recording of the geometrical decoupling between two adjacent coil elements. Decoupling measurements were done on a 50 Ohm basis using a direct S21 measurement with 50 Ohm transformers directly connected to the preamplifier sockets of the two elements under test. When measuring the decoupling between an adjacent pair, all other unused elements of the array were detuned. Minimized coupling was achieved by empirically bending the crossing bridges on the loops. Coupling between nearest neighbor elements ranged from ‑15 dB to ‑21 dB with an average of ‑17 dB.

Figure 10: Adjustment of a cable trap using current probes. All multi core cables for each plug comprising common mode cable traps to suppress common mode currents induced by the body coil. The cable is coiled up and bridged with capacitor on the outer shield. This forms a parallel LC circuit and presents a high impedance for common mode currents. Under S21 recording the trap LC circuit is adjusted to minimize current flow at the Larmor frequency.

Figure 11: Complete 32-channel brain array including a head shaped phantom and a mirror for visual stimulus. Five standard coil plugs were used to connect the constructed coil to the MR-scanner. 

Figure 12: Handcrafted RF probes used for coil construction: (a) double probes, (b) single magnetic field probes, (c) sniffer probe, (d) current probes.

Figure 13: (a) Noise correlation matrix calculated from noise-only data obtained from the phantom loaded 32-channel array coil. (b) SNR maps of a sagittal slice of the phantom.
Discussion: 
32-channel brain arrays have become the standard for high resolution imaging of the adult brain in clinical imaging and even higher element brain arrays are already used in research environment4. Pediatric neuroimaging8 is well suited to benefit from the SNR and acceleration capabilities potentially offered by highly parallel detection9,10. In this video we demonstrate a method to visualize the design, construction and characterization of a pediatric 32-channel receive-only coil for brain imaging on a 3 Tesla MRI scanner. 
We construct a digital model of the array helmet obtained from MRI head data and construct the physical helmet from this model using a rapid prototyping 3D printer for manufacturing. We used ABS plastic for the helmet manufacturing. Unfortunately, this material is compromised in MRI applications due to image visibility using ultra short echo times, but it is sufficient for coil prototyping. Alternative housing materials are polycarbonate, acryl, or polyamide; all of which are available for rapid prototyping. A handcrafted fiberglass/epoxy former1 is an alternative to a rapid-prototyped housing. While this method is cheaper it involves the construction of negative former and certainly the need of some handicrafts skills. 
It is always possible to find a suitable combination of hexagon subsections and pentagon subsections adjusting the size appropriately to meet the desired number of channels1,4,11. This can be done digitally using the CAD program, as in our case, or by cutting the hexagons and pentagons from paper or cardboard and physically laying them out on the coil former1.
We used a 16-awg wire design to populate the whole array. This has the advantage that the array uses overall spatially sparser conductors, so that eddy currents and copper loading can be significant reduced in comparison to a circuit board array design3. In addition, bridges over the conductors of adjacent coils were formed by bending the wire rather than soldering an additional bridge, thus minimizing the number of solder joints. We also found that the ability to mechanically optimize the overlap between two loops by bending these wire bridges facilitated the element decoupling procedure. 
Preamp decoupling was achieved using the LC circuit of the active detuning trap, where the impedance of preamplifier was transformed to a short across the diode of the detuning LC circuit. Consequently, this parallel LC circuit introduces a high serial impedance in the coil loop. This is an elegant confluence of two functionalities into one circuit. Under some circumstances, it is needed to locate the detuning trap elsewhere in the loop, away from the drive point of the coil. In this case, the phase shift (coax cable, phase shifter, incorporated series capacitor) transforms the preamplifier's impedance to a parallel inductance across the matching capacitor in the coil loop output. This parallel LC circuit is set to resonate at the Larmor frequency and introduces a high serial impedance in the coil loop5. This setup is favorable if a series capacitance matching network is used on the coil output, where a RF-choke would be needed for bypassing the bias to the PIN diode. This setup is also strongly recommended when the PIN diode bias current is supplied by the scanner over the coaxial cable serving as the output of the preamplifier rather than over a separate bias line. In this case, there is the danger of positive feedback from the preamp output to the preamp input if the bias T does not provide sufficient isolation. 
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Materials:

Customized Bench Tools:

Handcrafted RF probes are commonly used in MRI coil construction. The most popular probe at the bench is the "double probe", which is used at almost every stage of array coil construction (Fig. 12a). The probe consists of two overlapped loops made out of semi-rigid coax cable with a gap in the shield placed symmetrically in the middle of each loop. The decoupling of both loops should be >70 dB and must usually have some form of manual adjustment of the overlap to achieve this. In our case, we use both manual adjustment and a small piece of copper foil tape whose position on the probe fine-tunes decoupling.  Single magnetic field probes in different sizes are also useful for various applications (Fig. 12b). The small "sniffer" probe is useful to sniff out sources of resonances in circuits (e.g. isolated detuning traps). It consists of a small solenoid coil attached to the end of a coax cable (Fig. 12c). Current probes are used for adjustments of common mode current traps. They are made out of a ferrite core and a single turn semi-rigid coax cable (including shield gap) (Fig. 12d). For good accessibility in various measurement situations, it is helpful to have the possibility for opening up the current probe.

Commercial Materials:
	Item Description
	Model / Number
	Company

	Network Analyzer
	E5071C
	Agilent Technology Inc., Santa Clara, CA, USA

	3D Printer
	Dimension SST 1200es
	Dimension, Inc., Eden Prairie, MN, USA

	2D Circuit Router
	T-Tech7000
	T-Tech, Inc, Norcross, GA, USA

	CAD Software
	Google-Sketchup7.1 
	Google, Mountain View, CA, USA

	Solder Station
	i-CON2 
	ERSA, Wertheim, Germany

	Non-Magnetic Chip Capacitors
	Series 11
	Voltronics, Corp., Danville, NJ, USA

	Non-Magnetic Variable Inductor
	165-02A06 
	Coilcraft, Inc., Cary, IL,USA

	Non-Magnetic Variable Capacitor
	BFC5 808 11339 
	Vishay Intertechnology, Inc., Malvern, USA

	PIN-Diodes
	MA4P4002B-402
	M/A-COM Technology Solutions Inc., Lowell, MA, USA

	Formable Coaxial Cable
	UT-85C-FROM,
	Micro-Coax, Pottstown, PA,USA

	IR Temperature Probe
	FLUKE-561, 
	Fluke, Everett, WA, USA
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