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Abstract

We discuss a new class of phase cycling procedures, in which a set of individual phase-shifted transients are stored separately in

the computer and processed afterwards to yield the separated NMR signals from two or more coherence transfer pathways. In the

case of two-dimensional double-quantum spectroscopy, this multiplex acquisition procedure allows the acquisition of pure-

absorption spectra in only 62.5% of the time needed by previous methods.

� 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

In many cases, the timespan of an NMR experiment

is determined by the need to complete the phase cycle,

rather than the necessity of obtaining a sufficiently large

signal-to-noise ratio. There is much interest in shorter

phase cycles, such as the cogwheel cycles introduced
recently by this group [1], or the abbreviated phase

cycles studied by McClung and co-workers [2].

In some cases, the variation of the radio-frequency

phases in a set of acquired transients is used for multiple

purposes. Consider, for example, the acquisition of

pure-absorption 2D spectra by the States–Ruben–Hab-

erkorn (SRH) scheme [3]. In this popular method, phase

shifts are used (i) to eliminate interference from under-
sirable NMR signals or receiver artefacts, and (ii) to

provide a set of cosine and sine-modulated signals, from

which pure-absorption 2D spectra may be constructed,

while retaining information on the sense of the preces-

sion frequency during the evolution interval t1. For ex-
ample, in pure-absorption 2Q spectroscopy, eight

acquired transients are required in the SRH method for

every t1 increment: four transients for acquisition of a
cosine-modulated data set, with suppression of signals

from coherences which do not have order �2 during t1;
and four transients for acquisition of a sine-modulated

data set, with similar selection properties.

In this article, we show that these two tasks may be

compressed into one, providing a saving in experimental
time. This gain comes at the modest cost of increased

data storage space and somewhat more complicated

post-processing of the data. In the new method, only five

transients are acquired for every t1 increment and stored
separately in the computer. The set of five independent

transients is processed in two different ways to obtain

separate signals for the (+2)-quantum and the ()2)-
quantum pathways. The pure-absorption 2D spectrum,
with discrimination of the signs of the precession fre-

quency, is then constructed from these two independent

data sets.

This is just one example of a general class of phase

cycles, which we call multiplex phase cycles. In a mul-

tiplex phase cycle, the different transients acquired in a

phase cycling scheme are not immediately combined in

the data acquisition device. Instead, the acquired tran-
sients are stored individually in the computer memory

and processed afterwards to obtain independent signals

from two or more distinct sets of coherence transfer

pathways. This procedure allows the experimental time

to be used more efficiently and ensures that useful
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signals are not already discarded at the stage of signal
averaging.

2. Conventional phase cycling

Phase cycling involves the linear superposition of

NMR signals acquired with different spectrometer phase

settings. These include the radio-frequency phases of the
different pulse sequence blocks, denoted here /A;/B;
/C; . . ., the radio-frequency phase of the reference signal
during acquisition of the quadrature NMR signal, de-

noted /rec, and the post-digitization phase shift applied
at the output of the analog-to-digital converters

(ADCs), denoted /dig [4]. In general, these phases follow
a cyclic scheme of length N , so that each of these phases
is specified by a counter denoted m, where m ¼ 0; 1;
. . . ;N � 1. In conventional data acquisition, the quad-
rature NMR signals are summed in the signal accumu-

lation device according to

sðtÞ ¼
XN�1

m¼0
smðtÞ: ð1Þ

The selection of NMR signals under phase cycling is

conveniently specified in terms of the coherence transfer

pathway (CTP), defined as the history of coherence or-
ders leading to a particular signal contribution [5–7]. A

general coherence transfer pathway has the form

p ¼ f0; pAB; pBC; . . . ;�1g, where pAB is the coherence

order between blocks A and B, pBC is the coherence order
between blocks B and C, and so on. The pathway starts
with order 0 to indicate a reproducible initial state of

spin populations and ends with order )1 to indicate
detection of the quadrature NMR signal [5–7]. The
notation for the block phases and pathway orders is

summarized in Fig. 1.

In conventional phase cycling, the spectrometer pha-

ses are selected so that the following equation is satisfied:

N�1
XN�1

m¼0
expf�iUpðmÞg ¼ 1 if p 2 P;

0 otherwise;

�

where P ¼ fp0; p1; . . .g represents a set of one or more
‘‘desired’’ coherence transfer pathways. The overall

pathway phase Up is defined by

UpðmÞ ¼ /ADpAðmÞ þ /BDpBðmÞ þ � � � þ /recðmÞ
þ /digðmÞ; ð2Þ

where fDpA;DpB; . . .g indicates the changes in coherence
order induced by the pulse sequence blocks fA;B; . . .g.
The construction rules for phase cycles which select

signals from one or more desired coherence transfer
pathways P ¼ fp0; p1; . . .g, suppressing all others, are
well established [5–7]. In some cases, the recently de-

veloped ‘‘cogwheel’’ phase cycles [1] accomplish this task

in a particularly small number of steps N .

3. Multiplex phase cycling

In multiplex phase cycling, the individual quadrature

signal transients smðtÞ are stored individually in the
computer. The set of N acquired transients is processed
according to the equation

sðMÞðtÞ ¼
XN�1

m¼0
smðtÞ expf�i/ðMÞ

numðmÞg; ð3Þ

where /ðMÞ
numðmÞ is a numerical phase shift, readily im-

plemented by complex multiplication in the computer.
In general, the same set of N transients is subjected to

several different sets of numerical phase shifts, leading to

a set of post-processed signals sðMÞðtÞ, where the index M
distinguishes the different post-processing modes. If the

set of numerical phase shifts f/ðMÞ
numð0Þ;/

ðMÞ
numð1Þ; . . . ;

/ðMÞ
numðN � 1Þg is used, then the selected signals belong to
one set of coherence transfer pathways PðMÞ ¼ fpðMÞ

0 ;
p
ðMÞ
1 ; . . .g, while if a different set of numerical phase shifts

f/ðM 0Þ
numð0Þ;/

ðM 0Þ
numð1Þ; . . . ;/

ðM 0Þ
numðN � 1Þg is used, then the

selected signals belong to a different set of coherence

transfer pathways PðM 0Þ ¼ fpðM
0Þ

0 ; p
ðM 0Þ
1 ; . . .g, and so on.

This property may be arranged by choosing the

spectrometer phases f/A;/B;/C; . . . ;/rec;/digg and the
sets of numerical phase shifts f/ðMÞ

num;/
ðM 0Þ
num; . . .g, such

that the following equations are satisfied:

N�1
XN�1

m¼0
exp

n
� i UpðmÞ

h
þ/ðMÞ

numðmÞ
io

¼ 1 if p2PðMÞ;

0 otherwise;

(

N�1
XN�1

m¼0
exp

n
� i UpðmÞ

h
þ/ðM 0Þ

numðmÞ
io

¼ 1 if p2PðM 0Þ;

0 otherwise:

(

..

.

ð4Þ
Multiplex phase cycling allows the filtering out of signals

from the pathway set PðMÞ, or from the pathway set PðM 0Þ,

and so on, using the same acquired experimental data. In

some cases, this can lead to significant time savings.

0
-2

1
3

-1
-3

2

t
A B C

0
-1

pABAB

pBCBC
φA φB φC φrec

φdig

Fig. 1. A pulse sequence consisting of three blocks, A, B, and C, and a
coherence transfer pathway f0; pAB; pBC ;�1g. In the example shown,
the coherence order between blocks A and B is pAB ¼ þ2, while the
coherence order between blocks B and C is pBC ¼ �2.
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The multiplex principle was mentioned in passing by
Bodenhausen et al. [6], but the potential advantages

were not worked through. In this communication, we

show that the multiplex principle reduces the time re-

quired to acquire pure-absorption double-quantum 2D

spectra.

4. Pure-absorption double-quantum spectroscopy

A 2D double-quantum experiment consists of two

pulse sequence blocks: an excitation block A, which
generates double-quantum coherence, a variable evolu-

tion interval t1, a reconversion block B, which converts
the double-quantum coherences into observable ()1)-
quantum coherences, and a detection interval t2 during
which the quadrature NMR signal is acquired. The in-
teresting NMR signals come from the two double-

quantum pathways pðþ2Þ ¼ f0;þ2;�1g and pð�2Þ ¼ f0;
�2;�1g. Double-quantum phase-cycling procedures

select signals from one or both of these two pathways,

while suppressing other signals, such as those from the

single-quantum pathways pð�1Þ ¼ f0;�1;�1g and the
zero-quantum pathway pð0Þ ¼ f0; 0;�1g. In this paper,
we ignore higher-quantum pathways such as
pð�3Þ ¼ f0;�3;�1g and pð�4Þ ¼ f0;�4;�1g, which

normally are only weakly excited in systems of spins 1/2.

An example pulse sequence is shown in Fig. 2a. This

sequence is used for magic-angle spinning (MAS) NMR

of coupled 13C spins in organic solids, and employs the

C7 double-quantum recoupling method [8].

Both pathways pð�2Þ are needed to obtain pure-ab-
sorption 2D spectra. In the usual procedure, this is ta-
ken into account by using a phase cycle for which the set

of ‘‘desired’’ signal pathways is given by P ¼ fpðþ2Þ;
pð�2Þg. Since the orders ð�2Þ are separated by four units,
this requires a 4-step phase cycle (N ¼ 4), one example
being

/AðmÞ ¼ mp=2;

/BðmÞ ¼ /recðmÞ ¼ 0;

/digðmÞ ¼ mp: ð5Þ

This phase cycle suppresses signals from the zero and

single-quantum pathways pð0Þ and pð�1Þ, as well as the
higher-quantum pathways such as pð�3Þ, pð�4Þ, and so on.
The effect of four-step phase cycling is illustrated by the

pathway diagram in Fig. 2b.

However, since this phase cycle passes signals from

both of the double-quantum pathways pðþ2Þ and pð�2Þ, it
is not immediately possible to determine the sign of the

double-quantum precession frequency in the t1 interval.
There are a number of ways round this problem, but all

require doubling the number of acquired transients. For

example, in the SRH method [3], a second set of ex-

periments is performed, in which the double-quantum

phase is shifted by p=2. This may be done by shifting the
overall phase of block A by p=4. The two data sets are
combined after data acquisition to produce pure-

absorption 2D double-quantum spectra.

A second popular method involves shifting the ef-

fective frequency of the double-quantum evolution by

incrementing the phase of block A in synchrony with
the evolution interval t1. This is called time-proportional
phase incrementation (TPPI) [7,9,10]. By shifting

the double-quantum frequencies so that all of the

()2)-quantum frequencies are positive and all of the

(+2)-quantum frequencies are negative, it is possible to

separate these signals completely. However, this method

requires a doubling of the spectral bandwidth in the

indirectly acquired dimension and hence a doubling of
the number of acquired t1 increments, if the same
spectral resolution is to be achieved. Hence, the TPPI

method requires the same overall number of transients

as the SRH method.

In the multiplex approach, one recognizes instead

that although signals from both pð�2Þ pathways are de-
sirable, they must also be separated if the sign of the

double-quantum precession is to be determined. We
therefore require the construction of two different 2D
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Fig. 2. (a) Pulse sequence for double-quantum 13C spectroscopy of

organic solids. The blocks A and B are referenced in the text. (b) Co-
herence transfer pathway diagram for conventional 4-step phase cy-

cling. Both ð�2Þ-quantum coherences are selected, allowing

construction of a pure-absorption 2D double-quantum spectrum by

the SRH or TPPI procedures. Note that the barrier has holes separated

by four units. (c) Coherence transfer pathway diagram for 5-step phase

cycling. Normally, either the ðþ2Þ-quantum or the ð�2Þ-quantum
pathways must be selected, but multiplexing allows both pathways to

be constructed from the same data set. There are two alternative

barriers, each with holes separated by five units.
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NMR signals from the same set of acquired transients,
according to Eq. (3), i.e.,

sð�2Þðt1; t2Þ ¼
XN�1

m¼0
smðt1; t2Þ expf�i/ð�2Þ

num ðmÞg; ð6Þ

where sðþ2Þ consists only of signals from the pathway

pðþ2Þ ¼ f0;þ2;�1g and sð�2Þ consists only of signals
from the pathway pð�2Þ ¼ f0;�2;�1g. This is arranged
by choosing the phases so as to satisfy the multiplex

selection rules Eq. (4), which in this case correspond to

N�1
XN�1

m¼0
exp

n
� i UpðmÞ

h
þ/ðþ2Þ

num ðmÞ
io

¼ 1 if p¼ pðþ2Þ;

0 otherwise;

(

N�1
XN�1

m¼0
exp

n
� i UpðmÞ

h
þ/ð�2Þ

num ðmÞ
io

¼ 1 if p¼ pð�2Þ;

0 otherwise:

(

ð7Þ
The first part of Eq. (7) is readily satisfied using stan-

dard construction procedures [5–7]. At least five phase

cycle steps are required to select the signal pathway pðþ2Þ

while suppressing the four neighbouring signal pathways

fpðþ1Þ; pð0Þ; pð�1Þ; pð�2Þg. One solution with N ¼ 5 is as
follows:

/AðmÞ ¼ 2pm=5;

/BðmÞ ¼ /recðmÞ ¼ 0;

/digðmÞ þ /ðþ2Þ
num ðmÞ ¼ �4pm=5: ð8Þ

The last line follows from the order changes

DpA ¼ þ2 and DpB ¼ �3 for the pathway pðþ2Þ ¼ f0;
þ2;�1g.
Similarly, the signal pathway pð�2Þ may be selected

while suppressing the four neighbouring signal pathways

fpðþ2Þ; pðþ1Þ; pð0Þ; pð�1Þg by using the following phases:
/AðmÞ ¼ 2pm=5;

/BðmÞ ¼ /recðmÞ ¼ 0;

/digðmÞ þ /ð�2Þ
num ðmÞ ¼ þ4pm=5: ð9Þ

The last line follows from the order changes DpA ¼ �2
and DpB ¼ þ1 for the pathway pð�2Þ ¼ f0;�2;�1g.
Since the radio-frequency phases in Eqs. (8) and (9)

are identical, multiplex phase cycling is feasible. One

solution uses the following spectrometer phases:

/AðmÞ ¼ 2pm=5;

/BðmÞ ¼ /recðmÞ ¼ /digðmÞ ¼ 0 ð10Þ

and the following numerical phase shifts:

/ð�2Þ
num ðmÞ ¼ 4pm=5: ð11Þ

For each t1 increment, the set of 5 stored transients
obtained with the spectrometer phases in Eq. (10) is
post-processed in the computer according to the proce-

dure in Eq. (6), which in this case corresponds to

sðþ2Þðt1; t2Þ ¼
X4
m¼0

smðt1; t2Þ expfi4pm=5g;

sð�2Þðt1; t2Þ ¼
X4
m¼0

smðt1; t2Þ expf�i4pm=5g: ð12Þ

The result is two 2D signal surfaces sð�2Þðt1; t2Þ, each
containing one of the separated ð�2Þ-quantum signals.

Note that this separation is achieved without ac-

quiring a second set of data. It is therefore possible to

reduce the number of acquired transients per t1 in-
crement from 8 to 5. The only disadvantages of

multiplex phase cycling are (i) the more complicated

data storage and processing and (ii) the non-suppres-

sion of triple-quantum signals. In the most cases, the

triple-quantum signals are expected to be very weak

(if necessary, they may be suppressed by using 6 steps

instead of 5).

The effect of multiplex phase cycling is depicted in
Fig. 2c, which shows two alternative coherence selec-

tion strategies, each represented by a barrier containing

holes separated by five units, but with a relative shift of

1 unit.

The separated ð�2Þ-quantum signals obtained by Eq.
(12) may be fed into the SRH procedure. Providing that

the usual conditions are satisfied (real and identical

amplitudes for the ð�2Þ-quantum pathways [4,7]), this
leads to pure-absorption 2Q spectra, with discrimination

of the sign of the double-quantum precession.

Explicitly, the cosine and sine-modulated 2D signals

are constructed using

scosðt1; t2Þ ¼
1

2
sðþ2Þðt1; t2Þ

�
þ sð�2Þðt1; t2Þ

	
;

ssinðt1; t2Þ ¼
1

2i
sðþ2Þðt1; t2Þ

�
� sð�2Þðt1; t2Þ

	
: ð13Þ

Each signal set is subjected to a Fourier transform in the

t2 dimension, according to

Scosðt1;x2Þ ¼
Z 1

0

dt2 scosðt1; t2Þ expf�ix2t2g;

Ssinðt1;x2Þ ¼
Z 1

0

dt2 ssinðt1; t2Þ expf�ix2t2g: ð14Þ

A new 2D signal is constructed from the real parts of the

Fourier transforms, according to

sSRHðt1;x2Þ ¼ RefScosðt1;x2Þg þ iRefSsinðt1;x2Þg: ð15Þ

Fourier transformation of this signal with respect to t1
leads to the pure-absorption 2D spectrum:

SSRHðx1;x2Þ ¼
Z 1

0

dt1 sSRHðt1;x2Þ expf�ix1t1g: ð16Þ

It is also possible to generate the sine and cosine-mod-
ulated signals from the five acquired transients directly,

according to
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scosðt1; t2Þ ¼
X4
m¼0

smðt1; t2Þ cosf4pm=5g;

ssinðt1; t2Þ ¼
X4
m¼0

smðt1; t2Þ sinf4pm=5g: ð17Þ

The cosine and sine-modulated signals are then pro-

cessed according to Eqs. (14)–(16). This is numerically

more efficient.

There are numerous other ways of implementing the

multiplex procedure for pure-absorption double-quan-
tum spectroscopy. For example, the reconversion block

may be cycled instead of the excitation block, leading to

/AðmÞ ¼ /recðmÞ ¼ /digðmÞ ¼ 0;

/BðmÞ ¼ 2pm=5: ð18Þ
The five acquired transients are processed according to
Eq. (6), using the numerical phase shifts given below:

/ð�2Þ
num ðmÞ ¼ �2pm=5;

/ðþ2Þ
num ðmÞ ¼ þ6pm=5: ð19Þ
The cosine and sine-modulated data sets scosðt1; t2Þ and
ssinðt1; t2Þ are extracted from sð�2Þðt1; t2Þ by applying
Eq. (13). The pure-absorption 2D spectrum is con-

structed by the following the SRH procedure [Eqs.
(14)–(16)].

Post-processing of two or more independent data sets

has been used before to generate pure-absorption 2D

data. Consider, for example, the early explorations of

the Ernst and Freeman groups [11,12] and the pure-

absorption MAS-exchange acquisition schemes of

Hagemeyer et al. [13]. However, all of these techniques

use substantial timing changes or other variations of the
RF pulse sequences to generate the independent data

sets, while the multiplex, SRH and TPPI methods only

use variations of the RF phases.

5. Results

Fig. 3 shows 2D double-quantum 13C spectra of
polycrystalline [U]-13C-LL-alanine, obtained at a magic-

angle spinning frequency of 9.500 kHz in a field of 4.7 T.

Longitudinal 13C magnetization was generated by

ramped cross-polarization from the protons [14], fol-

lowed by a strong p=2 pulse, shifted in phase with
respect to the cross-polarization field by p=2. Double-
quantum coherences were generated by a C7 pulse

sequence [8] of duration sexc ¼ 451:2ls. The ð�2Þ-
quantum coherences were allowed to evolve in the

presence of strong proton decoupling for the t1 interval.
A second C7 pulse sequence of duration 210:6ls re-
generated longitudinal 13C magnetization, which was

converted into observable ()1)-quantum coherences by

a final p=2 pulse.

The 13C RF fields during the cross-polarization in-

terval, the strong p=2 pulses, and the C7 sequences,
corresponded to nutation frequencies of 53.0, 69.5, and

66.5 kHz, respectively. The 1H RF fields during the

cross-polarization interval, the C7 sequences, and the

signal acquisition interval corresponded to nutation

frequencies of 48, 99, and 91 kHz, respectively.

Fig. 3a shows a 2D spectrum obtained with the SRH
method. In order to acquire the cosine-modulated data

set scosðt1; t2Þ, the evolution interval t1 was incremented
in 128 steps of 83:3ls. Twenty transients were acquired

(a)

(b)

Fig. 3. Experimental pure-absorption double-quantum 13C spectrum

of polycrystalline [U]-13C-LL-alanine, in a magnetic field of 4.7 T. The

spinning frequency was 9.500 kHz. The spectra were obtained on a

Varian Chemagnetics Infinity-200 Spectrometer using a 4mm zirco-

nia rotor. A C7 sequence of duration 451:2ls was used to excite the
ð�2Þ-quantum coherences. The double-quantum coherences were

converted into observable transverse magnetization by a C7 sequence

of duration 210:6ls, followed by a strong p=2 pulse. In both cases,
the signal surface was compiled using 128 increments of the t1 evo-
lution interval, in steps of 83:3ls. The single-quantum axis is hori-

zontal; the double-quantum axis is vertical. (a) Spectrum obtained

with the SRH method. The cosine and sine-modulated signal surfaces

were both acquired by summing 20 transients per t1 increment, using
the 4-step phase cycles specified in Eq. (20) and Eq. (21). (b) Spectrum

obtained with the 5-step multiplex phase cycle specified in Eq. (18).

Each of the five data sets was acquired with eight transients per t1
increment, and processed using the numerical phase shifts specified

in Eq. (19). Both spectra show the typical double-quantum pattern of

a 3-spin-1/2 system. The signal-to-noise ratios are comparable, as

expected from the fact that both spectra were acquired with 40

transients in total per t1 increment.
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for each t1 increment, with the RF phases on the 13C
channel following a standard 4-step phase cycle:

/cosA ðmÞ ¼ 0;

/cosB ðmÞ ¼ pm=2;

/cosrec ðmÞ ¼ 0;

/cosdigðmÞ ¼ �pm=2: ð20Þ

A sine-modulated data set ssinðt1; t2Þ was acquired with
the same number of t1 increments and transients, using
the modified phases:

/sinB ðmÞ ¼ �p=4;

/sinB ðmÞ ¼ pm=2;

/sinrecðmÞ ¼ 0;

/sindigðmÞ ¼ �pm=2: ð21Þ

In both cases, the ‘‘excitation block’’ A refers to the 13C
cross-polarization field (phase /1), the first p=2 pulse
(phase /2), and the first C7 sequence (overall phase /3).
The phases of these RF elements are given in terms of

the block phase /A by:

/1 ¼ /A;

/2 ¼ /A � p=2;

/3 ¼ /A: ð22Þ
The ‘‘reconversion’’ block B refers to the second C7

sequence (phase /4) and the last strong p=2 pulse (phase
/5). The overall RF phases of these elements are given in
terms of the block phase /B by:

/4 ¼ /5 ¼ /B þ p=2þ xrt1; ð23Þ
where xr is the angular spinning frequency and t1 is the
variable evolution interval between the two blocks. The

dependence of the C7 reconversion phase on the evo-
lution interval takes into account the rotation of the

sample between the two C7 pulse sequences [15].

The two data sets scosðt1; t2Þ and ssinðt1; t2Þ were sub-
jected to SRH data processing [Eqs. (14)–(16)] to obtain

the two dimensional spectrum SSRHðx1;x2Þ, the real
part of which is shown in Fig. 3a. The spectrum displays

strong peaks from the two double-quantum coherences

involving directly-bonded 13C spin pairs in the three-
spin system. As expected, the peaks are approximately

in pure-absorption phase. The small phase deviations

may be attributed to imperfect performance of the C7

sequences.

The spectrum shown in Fig. 3b was obtained using

the same number of t1 increments and the same incre-
ment in t1, but with the set of spectrometer phases
specified in Eq. (18). In this case, eight transients were
acquired for each of the five phase cycle steps, so that 40

transients in total were acquired per t1 increment, al-
lowing a direct comparison of the signal-to-noise ratio

with Fig. 3a. The five data sets were stored separately

and processed using the numerical phase shifts in Eq.

(19) to obtain the ð�2Þ-quantum signal surfaces

sð�2Þðt1; t2Þ. These data matrices were combined ac-

cording to Eq. (13) in order to obtain the cosine and

sine-modulated signal surfaces, which were processed

using the SRH procedure as before. The real part of the
resulting spectrum is shown in Fig. 3b. It is almost

identical to that shown in Fig. 3a and has an indistin-

guishable signal-to-noise ratio. We have also acquired

spectra using the TPPI method [7,9,10]. The results (not

shown) are essentially the same.

The equivalence of these spectra demonstrates the

validity of the multiplex approach.

There is one experimental detail which must be clo-
sely attended to. Since the multiplex procedure involves

phase shifts applied numerically in the computer after

acquisition of the NMR signals, it is essential that the

sense of these numerical phase shifts is the same as

the that of the RF and digitizer phases applied by the

spectrometer. As pointed out before [16,17], the sense of

the RF and digitizer phase shifts depends in a compli-

cated way on the sign of the gyromagnetic ratio of the
resonant spins and on the radio-frequency mixing

scheme employed in the spectrometer. The recommen-

dations of Refs. [16,17] must be followed rigorously

when implementing the multiplex procedure.

6. Conclusions

Together with cogwheel cycles [1], multiplex phase

cycling opens up new possibilities for reducing the time

span of some classes of NMR experiment. Examples

include:

• The procedure sketched above may be applied di-

rectly to two-dimensional INADEQUATE spectros-

copy in both liquids [18] and solids [15,19], leading

to significant time savings in cases where the signal-
to-noise ratio is good.

• The multiplex procedure applies to other forms of

multiple-quantum spectroscopy. In general, the ac-

quisition of pure-absorption ð�pÞ-quantum spectra

requires j4pj transients per t1 increment in the conven-
tional SRH procedure, but only 2jpj þ 1 transients
per t1 increment in the multiplex procedure. The time
saving approaches 50% for large p.

• Multiplex phase cycling may be used to obtain pure-

absorption two-dimensional single-quantum spectra,

with suppression of axial peaks, using 3 phase cycling

steps instead of 4.

• In multiple-quantum magic-angle spinning experi-

ments in solids [20–24], it should be possible to

acquire signals simultaneously from many different
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multiple-quantum pathways, obtaining complemen-
tary information without repetition of the experiment.

• In complex multidimensional experiments, particu-

larly in solution NMR, there are prospects for com-

bining the cogwheel or multiplex schemes with the

limited use of field gradients, in order to combine

the advantages of field gradients (for example, robust

solvent peak suppression) with the superior signal

strength of phase cycling.
• There are some pathway selection tasks which are

problematic in the conventional method [4], but

which are made possible by multiplexing. For exam-

ple, consider a hypothetical experiment which re-

quires selection of signal pathways involving the

order changes f0! �1g, while ensuring that the fol-
lowing order changes are suppressed: f0! 0g,
f0! �2g, f0! �3g. Conventional two-step phase
cycling can accomplish selection of f0! �1g while
suppressing f0! 0g and f0! �2g, but cannot
block the pathways f0! �3g at the same time. Mul-
tiplex phase cycling allows the full completion of the

selection task, using 5 acquired transients.

It is advantageous (but not necessary) to combine

multiplex phase cycles with cogwheel phase cycles. In

fact, the multiplex cycles described in this article are
already simple examples of this. For example, the mul-

tiplex cycle described in Eqs. (10) and (11) may be no-

tated [1] as COG5ð1; 0; 0; 0;�2Þ, where the winding
numbers inside the parenthesis control the phase of the

excitation block, the phase of the reconversion block,

the receiver reference phase, the digitizer phase, and the

two values of the numerical phase shift, respectively.

The phase winding numbers of the radio-frequency
pulses and the signal detection chain are separated by a

semicolon. Similarly, the cycle in Eq. (18) and Eq. (19)

may be notated COG5ð0; 1; 0; 0; 2� 4Þ. Aside from their
concrete advantages, the cogwheel and multiplex ap-

proaches provide a concise and unambiguous method

for notating phase cycles.

At this moment, it is unclear as to whether multi-

plex and cogwheel phase cycles have any disadvan-
tages, apart from increased data storage requirements.

Since it is technically easier to generate accurate RF

phase shifts in integer multiples of p=2 than less usual
subdivisions of 2p, phase inaccuracy and instability

may be an issue on some spectrometers, especially

those that do not use direct digital synthesis (DDS)

technology. However, we have seen no evidence of

such problems, so far.
Data storage continues to become cheaper and

computers continue to evolve in power. In future, it may

become commonplace to store all acquired transients in

the computer memory. This large data set would then be

processed in a multiplex fashion to retrieve signals from
many different coherence transfer pathways.
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