
Fig.2: Comparison of performances of single- and dual-
channel implementations of amplitude and phase modulated 
pulses. Each pixel corresponds to a mean percent error 
calculated for the central axial slice of a single/dual B1

+ map 
of the same human head phantom. For the dual channel 
simulations two classes of pulses were generated. The first 
class utilized maximal available RF amplitude on both 
channels; the second class utilized half of the available 
amplitude. Notice that performance similar to the single-
channel implementation can be achieved for the second 
class of pulses but in half the time. Grey dots mark a 1 ms 
pulse duration. 

Fig.1: Schematic of the optimization space S for a dual-
transmit channel system. The amplitude and phase 
modulated waveforms RF1(t) and RF2(t) act on spins in 
different spaces [S1�S3] and [S2�S3], correspondingly.  Their 
combined performance in the final space S is the results of 
interaction of these two waveforms at each point in time 
during their execution.   
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Target Audience 
Imaging scientists interested in pulse design, parallel transmission and adiabatic pulses. 
 
Purpose 
The problem of inhomogeneous RF transmission (B1

+) fields in high-field MRI has 
previously been addressed by various RF pulse designs (e.g. sparse spokes [1], 
adiabatic pulses [2,3], and composite pulses [4,5]) and hardware modifications (e.g. 
parallel transmit coils [6], load-insensitive coils [7], and travelling-wave antennae [8]). We 
show a construction that enables the design and implementation of semi-adiabatic 
waveforms with performance optimized on a grid of predefined (complex B1

+)i (i=1, …, p) 
and ∆f0 values associated with a p-channel transmission system. Optimization is 
performed such that the j-th channel takes into consideration the existence of the RF 
output from the other p-1 channels. Results are illustrated on a dual ptx setup (p=2), and 
improvements are demonstrated relative to similar single-channel designs. 
 
Methods 
The optimization grid S for a 2-channel system can be written as a direct sum of vector 
products of B1

+�∆f0 spaces, i.e., S = [S1�S3] � [S2�S3], where S1   and S2 represent B1
+ 

inhomogeneities (complex, i.e. amplitude and relative phase) of channels 1 and 2 of the 
dual transmit system and S3 is the ∆f0 space spanned by a user specified range of static 
field inhomogeneities (in Hz). A schematic of the optimization space is presented in Fig. 
1. We have considered two classes of pulses: (i) pulses utilizing maximal available RF 
amplitude (RFmax) on both channels; and (ii) pulses utilizing only ½RFmax. In accordance 
with the limitations of typical 7 T human imaging system, RFmax was taken to be 15μT. 
These composite pulses are characterized by a number of sub-pulses (numsp) and the 
duration of each sub-pulse (numdt in units of a 6.4μs dwell time: 7T Philips Achieva 
scanner (Philips Healthcare, Cleveland, Ohio, USA)). A wide range of such pulse 
structures were tested (numsp=1,…,20 and numdt=1,…,20), resulting in 400 distinct 
dual-pulse trains for each of the two maximum amplitude categories. The amplitude and 
phase modulated RF trains (RF1(t) acting on S1�S3 and RF2(t) acting on S2�S3) are 
optimized simultaneously in space S with identical S1 and S2 defined by a typical ranges 
of inhomogeneities in a human brain at 7 T (B1

+/ (B1
+

nom=45o)=0.3-1 and a range of 
relative phases between channels 1 and 2 (0o-90o); ∆f0 = ±250Hz) in a similar fashion to 
the scheme presented in [5]. The effect of each pulse train was simulated using field 
maps measured in a single axial slice of a human head phantom at 7 T (with B1

+/ B1
+

nom 
and ∆f0 values falling within a range specified above). To aid in determining any inherent 
advantage in this multi-channel implementation, similar pulse optimizations were 
performed (numsp=1,…,20 and numdt=1,…,40) using 7 T single-channel field maps for 
the same slice of the head phantom and an amplitude limit equal to RFmax, thus resulting 
in a total of 800 single-channel pulses.  In order to quantify performance, percent error 
maps (% deviations from the mean B1

+/ (B1
+

nom=45o)) were calculated for each pulse in 
each of the three classifications (i.e., single-channel pulses and two classes of dual-
channel pulses).  
Results 
Figure 2 shows the % error values for the 800 single-channel optimized pulses (top), and 
the two classes of 400 different dual-channel pulses. The dotted line (grey dots) on each 
plot designates the isochrones corresponding to total pulse duration of 1ms. 
 
Discussion 
Even for the second class of pulses, for which the RF amplitude is constrained to 
½RFmax., the performance gain over single-channel waveforms is noticeable (Fig. 2). This 
gain is a result of doubling the number of degrees-of-freedom available to the optimization 
for any given pulse duration. In general, the same performance can be attained with The 
performance of the higher amplitude class of dual-channel pulses is significantly better 
than that of the single-channel class given that the same level of flip-angle homogeneity is 
achievable in half the time.  
Conclusion 
To our knowledge this is the first attempt to develop a construction of amplitude- and 
phase-modulated composite pulses on a multi-channel system. Generalization of this 
construction to p transmit-channels is straightforward and requires extension of the 
optimization space S to p versions of [(B1

+)1 × ∆f0] spaces. 
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