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Signs of Frequencies and Phases in NMR:
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This article analyzes the influence of the radiofrequency mixing |wcame[| = |wo|_ [2]
scheme on the sign of phase shifts experienced by the nuclear

spins. It is an addendum to a previous article on the signs of . .
phases and frequencies in NMR (M. H. Levitt, J. Magn. Reson. As discussed in Reflj, the phase of the resonant componer

126, 164 (1997)).  © 2000 Academic Press of the RF field depends on the relative signs of the frequenci
Key Words: radiofrequency phases; signs of phases; phase cycling. @0 and oc.qer This potential sign change must be taken int
account for a rigorous treatment of the nuclear spin dynamic
On most spectrometers, the carrier wave is derived from
INTRODUCTION radiofrequency signal generated by a RF synthesizer, which
under software control. However, the synthesizer wave is us
In a previous papetf, one of us discussed the signs of phasesly subjected to one or more frequency conversion steps
and frequencies involved in NMR experiments. It was argued thaider to obtain the carrier wave. These frequency conversi
one must take into account the sense of the nuclear spin precessieps may introduce further sign changes in the RF phases
around the static field when predicting the effect of radio- Suppose that the radiofrequency synthesizer generate:
frequency phase shifts. A set of recommendations was given f@ive described by the equation
facilitating the correspondence between the spectrometer opera-
tion, the spectral presentation, and the microscopic dynamics of
the nuclear spins. Several papers have appeared implementing all
or some of these recommendatio@s16. ) .
Since the publication of Refl, it has become apparent thatVherelosm] is the (positive) angular frequency of the synthe
the radiofrequency mixing schenie the spectrometer adds aS1Ze"» @nd¥s,q is the phase of the synthesizer wave. Considt
further level of complexity. In some circumstances, the radié- Single-stage mixing scenario, in which an idealized doubl
frequency generation scheme in the spectrometer console JAianced mixer is used to multiply the synthesizer wave by
troduces further sign changes of the radiofrequency phases. &8l oscillator” signals,, with a frequencyw.o,
make matters even more complicated, the spectrometer man-

Ssyntf'(t) = Coi|wsynﬂlt + dlsynlf‘)r [3]

ufacturers have partially corrected these sign changes with Sio(t) = coq|wo|t). [4]
software. This partial software correction must be disentangled
in order to treat the problem in full. The output of the idealized mixer contains two signal compc
nents, with frequencig,o| + |weyn] and|wio| — |@synsl, @S is
DISCUSSION easily seen from the trigonometric identities

The Carrier Wave and Radiofrequency (RF) Pulses

q y ( ) Ssyntk(t)SLO(t) = Coi|wsynﬂlt + t[lsynti'Dcoi|()‘)Lo|t)
Consider an NMR experiment on a set of nuclear spins with )

Larmor frequencyw, defined by = 3 COY Wgynt + Poyni)

Wo = _YBoy [1] + % Coiwdifft - dlsynth)a [5]

wherey is the magnetogyric ratio ar}, is the static magnetic Where
field. The nuclear spins are exposed to a radiofrequency field

derived from a carrier wave of frequen@.... In order to Wam= |@io| + |@syn]
influence the spins, the absolute frequency of the carrier wave
must be close to the absolute nuclear Larmor frequency: wgit = |00 — [@synd - [6]
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The output of the mixer is filtered in order to obtain either tha
sum frequencyw,, or the difference frequenay,;, depending 260 MHz

BUMP ———]

on which of these is close in magnitude to the Larmor fre- DDS%

quency: MIX - HP-Filter l_’> MIX  HP-Filter
Lo 117 MHz
If |w0| = |wLO| + |wsynt4 then Wearrier = ®Wsum
if |w0| = |wLO| - |wsynt4 then Wearrier — Wiff b
if |(1)0| = |wsynt4 - |(1)|_o| then Wearrier = — Wyiff - [7] BUmp 280 MHz
oS 23 MHz
Clearly, the relationship between the synthesizer phiage & :
and the carrier phasg..... depends on which wave is selected - X HP-Fier
and also on whethgt, | is larger or smaller thatwey: Lo

FIG. 1. Radiofrequency mixing schemes for RF pulse generation on tf

; ~ _ Chemagnetics Infinity-200 and Infinity-400 consoles. The boxes contain do
if = + hen = 4+

if | ol — |l N |wsy”"4 Ehe lpca"'er_ _dfsy”‘h ble-balanced mixers followed by radiofrequency filters. (a) A carrier frequenc

! |wo| = |‘U|_o| |wsynﬂ1 en Yearier = ~ Ysynin of 400 MHz is derived by first combining a 23-MHz DDS signal with a

it Jwo| = |wsynt4 — oo then Yeamer= +Psynine  [8]  260-MHz “BUMP” signal in order to obtain a 283-MHz intermediate-fre-

quency signal, which is then combined with a 117-MHz local oscillator signa

In this article, the cases Wit'hcamer _ 'Hpsymh are referred to as The phase of the DDS signal is preserved. (b) A carrier frequency of 200 Mt

« ixing.” while th . - f d is derived by combining the 283-MHz intermediate-frequency signal with
up-mixing,” w ' e the cases Wltm.’“{"i_e' - _‘_!;SY””‘ ar_e referred 4g3.MHz local oscillator signal. The phase of the DDS signal is inverted.

to as “down-mixing” (these definitions differ slightly from

usual electronic practice, which does not take into account the

signs of the frequencies). In general, the mixing scheme, andry make this clearer, consider the specific mixing schem
hence the relationship between the synthesizer and cardgpn schematically in Fig. 1, which apply to the Chemagne
phases, differs from mstrgment to |nst.rument and also differs; cpmx Infinity-200 and Infinity-400 consoles (produced by
from channel to channel in the same instrument. _Varian Instruments, Palo Alto, CA). In both of these system:
~ Areal mixer generates many other harmonics and combin@yirect digital synthesizer (DDS) generates a 23-MHz wau
tion frequencies. However, in practice these are suppresseqiyse phase is under control of the pulse programming devi
radiofrequency filtering and may be ignored for the purpose ¢f,;g signal is mixed with a constant 260-MHz “BUMP” fre-

this discussion. . quency signal and filtered, in order to obtain a 283-MH.
In general, there may be several frequency conversion Staﬂﬂérmediate-frequency (IF) signal. This up-mixing proces
between the RF synthesizer and the RF carrier. Each of these anes the phase of the DDS signal. The phase of 1

stages may invert the RF phase. 283-MHz IF signal is therefore the same as that written in th
In Ref. (1), the following statement was made: “On curre%mse program.

spectrometers, the pulse program software allows direct conrhea |E signal is subjected to a second mixing stage in ord

trol of the phase)icq..” In retrospect, this statement is MiS+, opiain the carrier signal. Fig. la shows the case of

leading. In fact, the pulse program software allows control 9foo_MHz carrier frequency. A local oscillator signal with

the phasejs,. The relationship ofli and e d€PENAS  frequency 117 MHz is combined with the 283-MHz IF signa

upon the radiofrequency mixing scheme. , _and passed through a high-pass filter in order to obtain tl

As discussed in Reflj, the phase of the spin nutation axisyng-MHz carrier wave. This second up-mixing scenario als

during a RF pulse, which is of relevance to the spin dynamiGsyeserves the phase of the IF signal. The phase of the carrie
is related to the carrier phase according to therefore the same as the phase of the RF synthesiizgt; =

+¢’synth-

Ppuse= —(Signy) P Eare, [l Figure 1b shows the situation when the carrier frequency

equal to 200 MHz. This time, a local oscillator frequency o

The effect of the RF mixing scheme may now be included 483 MHz is chosen. The local oscillator signal is mixed witl

well: the 283-MHz IF signal and passed through a low-pass filter
order to obtain the 200-MHz carrier signal. This a down
bpuse= —(Signy) R4S for up-mixing mixing scenario so the phase of the carrier is opposite to t
_ | o phase of the RF synthesize;.ier = — Ysynn
bpuse= +(sigNy) g, for down-mixing. [10]  In general, on the Chemagnetics CMX Infinity-200 an

Infinity-400 consoles, all carrier frequencies above 283 MH
There are therefore at least two potential sign changes intemploy up-mixing and preserve the phase of the RF synth
vening between the programmed synthesizer phasgsand sizer, while all carrier frequencies below 283 MHz emplo
the spin dynamical phasels down-mixing and invert the phase of the RF synthesizer.
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The consequences for the specific spectrometers are as & derived from the same radiofrequency carrier wave. As
lows. On the Chemagnetics CMX Infinity-200 console (magesult, the RF mixing scheme has the same effect on both. T
netic field 4.7 T), the radiofrequency carrier waves for afelationship between the RF synthesizer ph#&§g, and the
nuclei are derived by down-mixing. This implies that thearrier phaselgy. during signal reception is
carrier phase is always opposite in sign to the synthesizer
phase, as controlled by the pulse programmer. For posijtive- rec  _ rec i
nuclei, such asH and*C, this sign change is cancelled out by carier = T sy fOF UP-miXing
a second sign change associated with the nega‘gi\_/e sense of the e = —'%,  for down-mixing. [11]
Larmor precession (Eq. [9]). As a result, for positiyewclei,
on the CMX-200 console, the nutation axis phases are identical
to the phases written in the pulse program. If aaptlse” In Ref. (1), it was recommended that spin dynamical calcu
corresponds to a synthesizer phaseydf = 0, then a Y- lations employ a ¥-sensitive” receiver phasé,.., defined as
pulse” corresponds to a synthesizer phaseif = + /2. For
negativey nuclei, on the other hand, the pulse program phases Drec= —(SIgNY) Y [12]
are opposite in sign to the nutation axis phases used in spin
dynamical calculations. For these nuclei, if sipulse corre-

Ise

This recommendation allows the receiver phase and t

sponds to a synthesizer phase ydf.; = 0, then ay-pulse ) .
corresponds to a synthesizer phasebBifs = — /2. Siuglieog)hase to be treated in the same way, independent of
Y-

The situation is identical for the Chemagnetics CMX Infin= o .
The RF mixing scheme must now be taken into accour

ity-400 console (magnetic field 9.4 T), except for the tW%rom Eq. [11], the receiver phagie.., as used in spin dynam-

nuclei ‘*H and *F, whose Larmor frequencies are greater i culati i< linked 1o the RF svnthesi hase duri
magnitude than 283 MHz. In these cases, the carrier waves '&?A cajcuiations, 15 finked 1o the = SyniNesizer phase aurir
signal acquisition, as specified in standard pulse progran

generated by up-mixing. Sincgis positive for both of these h
nuclei, the pulse program phases are opposite in sign to {Hé"“g
nutation axis phases of relevance for spin dynamical calcula-

tions. Grec = —(SigNY) Y gny  for up-mixing
Similar reasoning may be followed for any spectrometer , e .
console, if a detailed examination of the radiofrequency mixing rec = +(SIGNY) Yoy fOr down-mixing, [13]
path is used to unravel the relationship between the spin
nutation phases and the pulse program phases. which is exactly analogous to Eq. [10]. Not surprisingly

It is also possible to determine empirically the sense of thiee pulse phase and the receiver phase behave in exactly
RF phases by performing simple NMR experiments, as deame way.

scribed in Ref. 7). For technical reasons, most NMR spectrometers use a
tection RF mixing scheme which is more complicated tha
Signal Detection and Digitization this. For example, on the Chemagnetics Infinity-200 and I

finity-400 consoles, the NMR signal is mixed down to &

In the simplest quadrature detection scheme (describedc'tg}nmex audio signal in two stages. First, the NMR signa
(1)), the NMR signal (FID) emerging from the signal preamghich oscillates at the Larmor frequency, is mixed with th
plifier enters the quadrature receiver. The quadrature receiy§da| oscillator frequency and filtered in order to obtain :
compares the NMR signal with a carrier wave signal, which 583 MHz intermediate-frequency signal. This requires up-mi»
derived from the RF synthesizer wave by the same signal for NMR signals with frequencies greater than 283 MH:
mixing process as used for the RF pulses. The phase of the &g down-mixing for NMR signals with frequencies lower thar
synthesizerygn, during signal detection is under softwaregs MHz. The 283-MHz frequency-converted NMR signal i
control (17). The quadrature receiver has two outputs, Whighassed into the quadrature receiver which is also supplied w
are digitized using parallel analog—digital converters (ADCs). 283-MHz intermediate-frequency reference signal. The |
The complex NMR signal emerging from the quadrature digjaference signal is in turn derived from the 23-MHz DDS
tizers is multiplied by the factor expdosag, Where diosag IS signal, whose phase may be controlled from the pulse progra
called the postdigitization phase shift7j. (As described in 55 described before.
Ref. (1), this complex multiplication is usually implemented by The technical arguments will not be given here, but it ma
a combination of channel swapping and sign inversion opelgs shown that this two-stage mixing scheme leads to the sa
tions). The product of the digitized complex NMR signal a”@ependence of the detected signal phase on the synthes
the postdigitization phase factor is transmitted to the CompUisase as for the single-stage detection scenario, Eq. [13].
for signal accumulation and subsequent processing. Other spectrometer consoles use different mixing schem

Radiofrequency receiver phaseln the simplest quadrature for the detection of RF signals. However, the conclusions a
detection scenario, the RF receiver phase and the pulse phasehanged.
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Postdigitization phase. At first sight, the postdigitization CONCLUSIONS
phase appears to behave differently, since it is not a radiofre- _
quency phase and should be independent of the radiofrequeR@gommended Practice on Current Instruments

mixing sc_heme. However, in practice, there is an f_idditionalcurrent instruments (as of 1999) take no account of the si
complication. The spectrometer manufacturers have introducgdhe | armor precession, but have partially corrected for tt
a hidden software switch which changes the sign/plus  sense of the radiofrequency mixing scheme by manipulati

depending on the sense of the RF mixing scheme! The impigz postdigitization phase shift of the signals as they emer
mentation on current commercial spectrometers is from the analog—digital converters.

The spectrometer user must therefore take into account t
Ypostaig= TP pessig TOF UP-Mixing sense of both the Larmor precession and the RF mixing sche
in order to rotate the nuclear spins around the desired axes

[14] the rotating frame.
In current instruments, the relationship between the meaning

Here {2k, is the value written in the pulse program, while‘spin dynamic phases” and the “pulse program phases” is
Pnosuig IS the value actually used for the factor exifosuiq

applied to the outputs of the ADCs.
For example, on the Chemagnetics CMX Infinity-200 and

B ﬁ .
Wpostdig= — Wpostaig  10r down-mixing.

v > 0 and up-mixing=> reverse all phases

Infinity-400 consoles, the down-mixing switch is activated v > 0 and down-mixing= no phase reversal
whenever the requested carrier frequency is greater than 283
MHz. v < 0 and up-mixing=> no phase reversal
The manufacturers have implemented this switch for a very
simple reason: without it, the NMR signals cancel out under v < 0 and down-mixing= reverse all phases.  [17]

phase cycling for the case of down-mixing. Nevertheless, the

implementation chosen muddies the issue further. It would b@e term “all phases” refers to all radiofrequency phases |

more logical to correct the phase of the RF signals “at sourcevtitten in the pulse program, as well as the postdigitizatio

rather than when the NMR signals are digitized. phase as written in the pulse program (i.e., before this phase
Because of this “fix,” it is necessary to take into account theanipulated by the internal spectrometer software).

RF mixing scheme when implementing a postdigitization To the best of our knowledge, these relationships apply to :

phase shift, as well as when implementing a radiofrequencyrrent commercial NMR instruments (as of 1999).

phase shift. In Ref.1), it was recommended that spin dynam-

ical calculations use g-sensitive postdigitization phage,..., Recommendations for Future Instruments

defined as These tedious (and essential trivial) issues could be avoid

. by simple software modification. Recommendations 1 to 3 ¢
Dposaig =~ (SI9NY) Ppostaig [15]  Ref. (1) are now revised to read

Recommendation 1: A software flag for the sign of th

The relsgttionship betwee_”_ the pro_gr_a_lmn_wed pOStdi_gitizati(ﬁ[?agnetogyric ratio. The software should require that the
phasep.sqgand they-sensitive postdigitization phase is thereépectrometer operator sets a flag for the sigry of the spins

fore under observation.

. soft - Recommendation 2: Radiofrequency phases should take il
bposisig= ~ (SIQMY)Yposiag  TOF UP-MiXing account the radiofrequency mixing scheme as well as the si
Dpostaig= T (sSigny) Pot . for down-mixing, [16] of y. The spin dynamical phase$ are written in pulse

programs. The software translates these instructions into cc
which is again analogous to Egs. [10] and [13]. for the RF synthesizer, taking into account the sigty ahd the

With these definitions, all phasésmay be treated in exactly radiofrequency mixing scheme used to generate the carr
the same way, independent of the S|gny(ﬁnd the RF mixing wave. The Sign of the phaseS is inverted |f’)(|DS pOSitive and
scheme. If anx-pulse is generated by a pulse of phagg,. = UP-mixing is employed, or if (i))y is negative and down-
0, then ay-pulse is always generated by a pulse of phageixing is employed.
douse = 2. Phase cycles may be implemented without ex- The radiofrequency receiver reference phésgis handled
plicit regard for the sign ofy or the details of the console. Forin identical fashion.
example, in a simple one-pulse experiment, quadrature artifactRecommendation 3: The postdigitization phase shift shou
generated by imbalance of the receiver channels may be stgke into account the sign of. The postdigitization phase
pressed by incrementing the pulse phdsg,. and the post- shift implemented at the output of the ADCs should take int
digitization phasep,.say Synchronously, in steps af/2, while account the sign of. The sign of the postdigitization phase
the RF receiver phasé,. is kept fixed. shift is inverted ify is positive.
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The postdigitization phase shift shoutat depend on the nitude and sign of heteronuclear coupling constants in transition
sense of the radiofrequency mixing scheme. metal complexes, J. Magn. Reson. 137, 413-429 (1999).
The other recommendations in Ref) &till stand. 8. K.V. P-_:-:rvushin, R. Riek, G. Wid(_er, and K_. WUthrich, Attenua}ted T-2
These recommendations allow all phases to be programmed'€/2xation by mutual cancellation of dipole-dipole coupling and
. . . . chemical shift anisotropy indicates an avenue to NMR structures of
on the instrument exaCtIy as they appear In spin dynamlcal very large biological macromolecules in solution, Proc. Natl. Acad.
calculations, avoiding the need for implementing Eq. [17] sci, USA 94, 12366-12371 (1997).
manually. We hope that future spectrometer generations Wil k. v. pervushin, G. Wider, and K. Withrich, Single transition-to-

render this article and the previous one obsolete by implement- single transition polarization transfer (ST2-PT) in [N-15, H-1]-

ing these recommendations “invisible” in the software. TROSY, J. Biomol. NMR 12, 345-348 (1998).
10. C. Marichal and A. Sebald, Anisotropy of 2J(**Sn-'"'Sn) deter-
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