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The Supplement consists of four sections. In the first section, “1D HET-RFDR Experiments” we show
additional 1D *H-13C HET-RFDR spectra. The second “HET-RFDR Simulations” section provides
additional HET-RFDR simulations, which were performed under conditions that closely match the
experiments. The third section, “Operator Paths” shows the possible paths of RFDR and HET-RFDR
transfers via heteronuclear and homonuclear operators during the first two rotor periods. The last part,
“RFDR Phase Cyling”, shows the formal proof of zero signal transfer for a homonuclear I, spin system

with zero offset difference and when all n-pulses have the same phase.
1D HET-RFDR Experiments

Figure S1 shows a 1D HET-RFDR pulse sequence. The sequence consists of two m/2-pulses on
the *H channel (with two step phase cycling to eliminate the signal from directly excited spins of carbons)
followed by a series of HET-RFDR pulses and finally a n/2-pulse and detection on the *C channel. The
evolution of the magnetization from proton to carbon spins through the HET-RFDR pulse sequence

(Figure S1) can be described with cartesian operators as follows:

. s T
first proton (E)x pulse second proton (E)ix pulse
H, > —H, > +H,
HET—RFDR block first carbon (E)x pulse detection
—————— tapc(tnix)C; > Fapc(tmix)Cy =——— —ayc(tmix), EQ. (S1)

where, ayc(tmix), 1S an amplitude of the transferred signal.
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Figure S1 1D HET-RFDR pulse sequence. The sequence consists of two n/2-pulses on the *H channel, HET-RFDR blocks ( a

train of 7-pulses with a single pulse during each rotor period applied on both channels), n/2-pulse on the 3C channel and
detection with proton decoupling. The phases of the w/2-pulses are ¢; = x; @, = —x,X; 3 = =X, —X,X,X,Y, ¥, —Y, —Y. Pacq =
X, —x,—x, xX,—Y,y,y,—y. n-pulses on the both channels follow the XY8 scheme (Gullion et al., 1990). During acquisition, SWs-
TPPM (Thakur et al., 2006) at 55.555 kHz or SPINAL64 (Fung et al., 2000) at 10 kHz decoupling is applied on the proton
channel to narrow the detected resonances.

Figures. S2-S3 demonstrate 1D HC HET-RFDR spectra using [**C, *°N] labeled SH3. On proton
and carbon channels r-pulses with different lengths were applied: 3.4 us (147 kHz) and 5 us (100 kHz),
respectively. Figure S2a shows HC spectra under different mixing times: 0.576 ms, 1.728 ms, 2.888 ms,
4.032 ms, 5.184 ms and 6.336 ms. Figure S2b shows HC spectra, which were obtained with 6.336 ms
HET-RFDR (blue) and RFDR (cyan, -pulses were applied on carbon channel only) . As expected, HET-
RFDR provides 'H to 3C transfer. The efficiency depends on the spectral region. For some aromatic
carbons, the transfer\ achieves ~100% efficiency with respect to CP at 1.5 ms (Figure S2b, red), but for

other regions, like Ca, the polarization transfer is ~50%.
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Figure S2 1D HC [*3C,*N] labeled SH3 spectra at 55.555 kHz (a) HET-RFDR spectra with different mixing times: 0.576 ms,
1.728 ms, 2.888 ms, 4.032 ms, 5.184 ms, 6.336 ms. (b) Comparaison of 1D HC CP spectrum (red, 1.5 ms of CP mixing) and
HET-RFDR spectrum (blue, 6.336 ms of HET-RFDR mixing). The cyan spectrum shows a HC RFDR spectrum, for which z-
pulses were applied only on the $3C channel. The carbon refference frequency was set up on 40 ppm. The MAS rate was 55.555

kHz. The experimental parameters are shown in Table S1.

The transfer of the magnetization from H, operators to C, operators is minimally affected by flip
angle deviations, since XY8 phase cycling is used (Gullion et al., 1990). To show this, we recorded

additional 1D HC HET-RFDR spectra with a series of flip angles on the carbon channel. (Figure S3).
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Figure S3 1D proton-carbon HET-RFDR spectra of [3C, 15N] labeled SH3 with a 6.336 ms transfer time as a function of the
flip angle of the pulses on the carbon channel between 157.34° and 184.64° (17 spectra). The width of 7-pulses on the proton
channel was 3.4 us. The width of the applied pulses on the carbon channel was constant and equal to 5 us. 55.555 kHz MAS was
used. The rf-field values in kHz on the carbon channel from left to right were:87.41, 88.2, 89.01, 89.83, 90.66, 91.51, 92.38,
93.26, 94.16, 95.08, 96.02, 96.97, 97.94, 98.94, 99.95, 100.98, 102.04.

Solid state NMR spectroscopy: The CP and HET-RFDR spectra of **C,'>N SH3 were acquired at 14.1 T

(600 MHz) using a Bruker AVIIIHD spectrometer using a MASDVT600W2 BL1.3 HXY probe. The

experiments were performed at 55.555 kHz MAS with the temperature of the cooling gas set to 235 K.

For 1D H®C spectra during the HET-RFDR periods, the widths of pulses on proton and carbon channels
were 3.4 us and 5 us, respectively. 13.89 kHz SWsTPPM (Thakur et al., 2006) with 36 us pulses was used
during the acquisition. Table S1 summarizes the applied experimental parameters.

Table S1 Summary of the experimental parameters used in the CP (the start and the end values are shown) and HET-RFDR H3C

[13C,15N] SH3 experiments.
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CP HET-RFDR
'H (kHz) 92-115 147
B3C (kHz) 43 100, [87.41-102.04]
transfer time (ms) 1.5 [0.576-6.336]
NS 48 48
D1 (s) 15 15
AQ (s) 0.01536 0.01536
SW (kHz) 50 50

NS — number of scans; D1 — a recycle delay; AQ — the acquisition time; SW — the spectral width.

HET-RFDR Simulations

Figure S4 shows simulated HET-RFDR polarization transfers for four (S:l2, Figure S4a) and three (Sl>,
Figure S4b) spin systems with conditions that closely match the experiments: 55.555 kHz MAS and 5.4

us n-pulses.

Figure S4a shows the HET-RFDR polarization trasfers between a directly bonded spin pair (1:-C», solid
lines) and the remote pair (1:-Cs, lines with circles). The lines with diamonds represent signals that are not
transferred, but remain on the spin ;. We consider three cases: rigid CoH. chain (black lines), dynamic
C2H> chain (red lines) and rigid N.C, chain (blue lines). For the rigid (black solid line) and dynamic (red
solid line) C,H- chains when the heteronuclear dipolar coupling constants are larger than the homonuclear
dipolar constants, the polarization transfer from Hi to C; oscillates about ~35% efficiency. However, for
the spin system with the weak heteronuclear dipolar coupling constants (blue lines), the HET fp-RFDR
polarization transfer between directly bonded spins is lower (blue solid line) and achieves only ~20%

transfer efficiency.

The signal that remains on the starting spin (lines with diamonds) are ~40% for first two cases (black and

solid lines with diamonds) and ~70% for weak dipolar coupling constants (blue line with diamonds).

The HET-RFDR transfer between remote spins, e.g. Hy and C; are about ~10% of the initial polarization
for all these three cases (black, red and blue lines with circles). The transfer of magnetization mostly
occurs via relayed transfer (1:-C»-Cs) and not directly from I, to Cs, which more clearly can be seen in the

simulations on Figure S4b
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Figure S4b considers the HET-RFDR polarization transfer between directly bonded spins (N1-H., solid
lines) and remote pair (N1-Hs, lines with cirles). The heteronuclear dipolar coupling constant between N
to Hz spins is kept constant and the homonuclear dipolar constant between H and Hs is changed. When
the distance between H, and Hs spins is 6 A (green lines), the fp-RFDR polarization transfer between N;
and H; achieves the maximal transfer of about 50% (solid green line). The direct HET-RFDR polarization
transfer efficiency between N; and Hs is very low (green line with circles). For the H, - Hs distances of 4
A (blue line with circles), 3 A (red line with circles) and 2 A (black line with circles), the polarization
transfer between N; and Hs achieves ~10%. Since the distance between N; and Hs is not changed, the
transfer between N; and Hs is achieved via sequential relayed transfer, Ni-H,-Hs. The homonuclear
distance also has influence on the HET-RFDR polarization tranfer. With decreased H,-Hs distance the

amplitude of the HET-RFDR polarization tranfer between dirctly bonded spins (solid lines) is decreased.
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Figure S4 Simulated HET-RFDR signals. The simulated HET-RFDR polarization transfers for Szl2 (a) and Sl2 (b) spin systems
are shown as a function of mixing time. For all simulations MAS was 55.555 kHz and hard z-pulses with 5.4 us width (92.59
kHz rf-field) were applied simuntaneously every rotor period. The offset and CSA values (the offset and CSA values are defined
in the same way as in (Bak et al., 2000)) of spins [11;C2;Cs;l4] are [1;2;5.5;6] (kHz) and [4;1;2;3] (kHz), respectively. The initial
and the final operators were in the direction Z. (a) The solid lines represent the HET-RFDR polarization transfers between 11 and
Ca spins; the lines with circles represent the HET-RFDR polarization transfers between I1 and Cs spins and the lines with

diamonds represent the decay of starting signals. The carbon-carbon distance as well as the dipolar coupling constant between C:
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and Cs were kept unchanged at 1.5 A (2.22 kHz). The black lines represent the rigid H2Cz spin system (with 11, 14 of the inset as
protons). The proton-carbon dipolar coupling constants were: vy, = vg, = 22 kHz; vi3 = v3, = 3.03 kHz and the proton-proton
coupling constant was: v,, = 4.9 kHz. The red lines represent the dynamic H2C> spin system with reduced proton-carbon
couplings of are: v;, = v3, = 8 kHz; v43 = v34, = 1.01 kHz and a reduced proton-proton coupling v;, = 1.8 kHz. The blue
lines represent the rigid N2Cz spin system (with 11, 4 of the inset as nitrogens). The nitrogen-carbon dipolar coupling constants
are: vy, = vgy = 1 kHz; vi3 = v34 = 0.195 kHz and for the nitrogen-nitrogen coupling, v;, = 0.01 kHz. (b) The solid lines
represent the HET-RFDR polarization trasnfer between N1 and Hz spins with unchanged dipolar coupling constant of 11 kHz.
The lines with circles represent the transfer between N1 and Hs spins for different distances (dipolar coupling constants) between
H2 and Hs spins: black lines — 2 A (15 kHz), red lines — 3 A (4.4 kHz), blue lines — 4 A (1.9 kHz) and green lines — 6 A (0.5 kHz).
The distance as well as the dipolar coupling constant between N1 and Hs were kept unchanged at 3 A and 0.45 kHz. XY8 phase

cycling was used.

Figure S5 demonstrates the simulated HET-RFDR transferred signals for three different spin
systems (two, three and four spin systems) with similar offset values as in the experiment (Qy ~ 0 kHz
and Q. = 5 kHz, Figure 3f in the main text). In all cases the initial operator was I, and the measured
operator was Sz. For the two spin system (S, black line), the HET-RFDR polarization transfer is
negligible. However, for three spins (IS, red line) and four spins (1S3, blue line) the transferred
polarization reaches a negative value of -0.05. This suggests the involvement of three or more spins in the
transfer, but without a more detailed investigation, it is not immediately obvious via which operators the

signal is transferred.
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Fig. S5 The simulated HET-RFDR signals. The simulated HET-RFDR polarization transfers for 1S (black) ISz (red) and 1S3
(blue) spin systems as a function of the mixing time. For all simulations, MAS was 10 kHz and hard z-pulses with 5.8 us and 6.6
us widths were applied simuntaneously on I and S spins every rotor period. The offset and dipolar coupling constants in kHz: 1S
- [Q4; Q51] = [0.5;5.5], [VD,I.S‘l] = [23]; 1Sz - [Q; Qs1; Q5] = [0.5;5.5; 7], [VD,151iVD,1522VD,s152] = [23;3.4;2.5]; ISs -

[Q; Qs1; Qsz; Qs3] = [0.5;5.5; 7; =131, [Vp 1515 Vi 1523 Vb i35 Vb,s1s2 Vpsisa] = [23;3.4;3.2; 2.5; 2.5].In all simulations the

initial and the measured operators were 1z and Sz, respectively. XY8 phase cycling was used.
Operator Paths

In this section we indentify the paths via which the signals are transferred from I, to S, operators
and from 11 to I, operators during the first two rotor periods of HET-RFDR and RFDR blocks,
respectively. The simulated parameters were used as in Figure 5a and b. Therefore, these Figures are

shown also here as Figure S6.



125

126
127
128
129
130

131

132

133

134

135

136

137

138
139
140

(a) 1] HET-RFDR({u; ,s=15 kHz) 1(b) 1f RFDR(1 =10 k2 i
0.8 OFFSET=0 4 0.8 OFFSET=0 E
0.6 1 0.6 |
0.4 1 0.4 ]

~02]] 1 02 1

-t-lE 0 B :E 0 Q 4

- 4
©.0.21 1 ®© 0.2} |
04f |z H 2IXSV |z - 2Iy5x i 0.4t |
0.6 4 06} Iz1 - 2|x1|y2 I11 ’ 2Iy1|x2
0.8} [ =1 1 08| 121 1n 1
z z
At ! ) . h -1t : ] ; h
0.5 1 1.5 2 0.5 1 15 2
to (in TR) tmix (in R)

Figure S6 The operator evolution through HET-RFDR and RFDR over two rotor periods. The simulated amplitudes of the
operators of a single crystal (Euler angles: 184°; 141°; 349°) for HET-RFDR (a) and RFDR (b). For the heteronuclear IS spin
system, (vp ;s = 15 kHz, the initial operator is I;) and for the homonuclear I2 spin system, (vp ;; = 10 kHz, the initial operator is
I21). The MAS frequency was 10 kHz and the rf-field was 83 kHz. Black lines — I; and I.1; Green lines — Sz and Iz2; Blue lines —

21xSy and 2lxly2; Red lines — 21ySx and 2ly1lxa.

We consider the amplitudes of the operators that are generated as a result of the evolution of the
other operators through pulses or dealys: t(m,) —» del; — t(m,) — del,. We first consider the
heteronuclear case of an IS spin system during HET-RFDR. Table S2 consists of four subsections. The

first, second , third and fourth subsections represent the amplitudes of four operators, I, Sz, 21xSy, 21,Sx,

measured at four points.

Table S2 Transfer paths during HET-RFDR. The single crystal amplitudes (Euler angles: 184°; 141°; 349°) of the operators at
four time points: 7, — the end of the first pulse; del; —the end of the first delay; m, —the end of the second pulse; del, — in the
end of the second delay. The first column shows the initial operators. The first, second, third and fourth subsections represent the
amplitudes with the initial operators Iz, Sz, 21xSy, 21ySx, respectively. The used simulated parameters were as in Figure S6a and in

Figure 5a in the main text.

Op Iz S: 21xSy 21ySx
m, |dely | m, |del, | m, |dely | m, |del, | my |dely | m, |del, | my |dely | m, |del,
I - 1 - 1 0 0 0 0 0.25 0 0 0 0 0 - 0
0.97 0.97 0.25
Sz 0 0 0 0 - 1 - 1 0 0 - 0 0.25 0 0 0
0.97 0.97 0.25
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Ty del1 ny delz . .
For example, the path I, > I, — I, = I, — I, gives the amplitude of —0.97-1-(—-0.97)-1 =
0.94 (the bold font in the Table S2), which equals the amplitude of the I, operator at the end of 2Tr in

) ) A A Ty dely Ty del, A A
Figure S5a in the main text (black line). The path I, = I, — I, = I, — S, gives the amplitude of

—0.97-1-(—0.97) - 0 = 0. If we analyze all 64 possibilities, we find only one heteronuclear path,

conecting I, and S; operators through the first two rotor periods of HET-RFDR: I,

Ty delq Ty del, . .
- 2I,,S,, — 21,5, > S, — S, with nonzero amplitude of —0.2472- 1 - (—0.2472) - 1 = 0.061.

In the same way we tabulate the homonuclear I, spin system during the first two rotor periods of

RFDR block in Table S3.

Table S3 Transfer paths during RFDR. The single crystal amplitudes (Euler angles: 184°; 141°; 349°) of the operators atfour
time points: 7, — the end of the first pulse; del; — the end of the first delay; m, — the end of the second pulse; del, — the end of
the second delay. The first column shows the initial operators. The first, second, third and fourth subsections represent the
amplitudes with the initial operators Iz1, lz2, 2Ixily2, 2ly1lx2, respectively. The simulated parameters were as in in Figure S6b and

Figure 5b in the main text.

Op l21 lz2 2lxaly2 2ly1lx2
m, |dely | my |del, | my |dely | m, |del, | my | dely | my, |del, | my |dely | m, | del,
"] 0es | 997 | o8 | 097 | 0o | 003 | 001 | 003 | 008 | 016 | 016 | 016 | 016 | 016 | 008 | 016
2| 0o | 993 | 001 | 003 | 008 | 007 | 08 | 097 | 016 | 016 | 008 | 016 | 008 | 016 | 06 | 016
2habe | e | 016 | 016 | 016 | 016 | 016 | 008 | 0.6 | 008 | 087 | 098 | 087 | 001 | 003 | 001 | 003
2habe | 2| 016 | 00 | 016 | 008 | 016 | 016 | 06 | 001 | 008 | 001 | 003 | 058 | 007 | 058 | 097

Unlike the IS spin system, all 64 paths have nonzero amplitudes via which the signal is
transferred from homonuclear operator 1,1 to operator I, during the first two rotor periods of RFDR.

These 64 paths can be divided into four groups.

10
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The first group contains eight paths with combinations of 1.1, |2 operators only. For example, the

l T
path I, 5 I, il> I, 3 I, —> I, has 0.02564 amplitude, whereas the path I,;

Ty dell Ty

=1, — 1,1, —> I, has -0.01283092 amplitude. The total amplitude of this group is 0.02561578.

The second group contains 24 paths where each of the paths contains one of the operators 21,41,
Ty dely Ty
or 21,1 I,,. For example, the path I,q = I,1 — I;1 > 21441y, —> I, has -0.02566144 amplitude,

dely del
whereas the path I, 3 I;4 — 2111y, 3 I, =3 1,, has 0.01285409 amplitude. The total amplitude of

this group is -0.03786813.

The third group contains 24 paths where each of the paths contains two of the operators 21,41,
Ty dely Ty del; .
or 211 I,,. For example, the path I,y = 21,1 I, — 21,11y, > I, — I, has 0.025925 amplitude,

del
whereas the path I,,; 3 21115, aely o gy vilxz =3 1,, has -0.00073 amplitude. The total amplitude of

this group is 0.086262.
The fourth group contains eight paths where each of the paths contains three instances of the
Ty delq Ty del,
operators 21,1y,, 21,1 1,,. For example, the path I,y = 21,1 I,; — 21,115 = 21,11, — I; has -

x del
0.02566 amplitude, whereas the path I, 5 2141, “3 2141, 3 21,41, —> I,, has 0.012854

amplitude. The total amplitude of this group is -0.01262.

The total amplitude of all four groups at the time point 2Tg is 0.061, which is the same as for the

heteronuclear IS spin system.
RFDR Phase Cycling

In this section we show that under the specific conditions of two spins and no chemical shift
offsets, there is zero RFDR transfer between operators 1,1 and 1,2 at tmix=nTr (n=1,2,3,...) when XX phase

cycling is used. The measured operator at this time is described with the Eq.:

11
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(I2)(Tg) = Tr{l,U(Tp)1, U~ (Tg)}. Eqg. (S2)
We take into account the dipolar interaction as well as the rf-field during the n-pulse. Then the unitary

operator, U(Tg) is written as follow:

U(Tg) = U,Uq Eqg. (S3)
Uy = Texp {fotp dt[wD,12(t)(3lz11zz — L)+ wrp(ler + Ixz)]}y Eq. (S3a)
Uy = Texp ([, dtwp,12()Blalz = 1)} Eq.(S3b)

where T is a Dyson operator and wp, 1, (¢) is a periodic dipolar time dependent function(Olejniczak et al.,
1984) between spins 11 and . Firstly, we can simplify Eq. S3 omitting the scalar product, I; I, since it

commutes with other parts of the Hamiltonian:

(113, 1,115,] = [, Ly + Lp] = 0, Eq. (S4)

and the dipolar function is periodic — fOTR dtwp 1,(0);1, = 0. Eq. S3a-b can be written as follow:
_ A tp
Uy =Texp {fo dt[wp12(0)31,115 + wrp (L + Ixz)]}, Eg. (S53)

UZ = Texp {ftTpR dth,lZ(t)3121122}' Eq (SSb)

The next step is the rotation of all the operators by 90° around axis -y:

90_ Eq. (S6
Izlvlzz'lzllzz' (le + IxZ) —>y _le' _Ix2!1x11x2’ (Izl + 122)- g ( )

Substituting Eg. (S6) into Egs. S2 and Eq. (S5a-b), the modified Eq. (S2) is:
(I;2)(Tg) = Tr{l,,UpUy Ly U M UZ '3, Eq. (S7)

whereas the modified Eq. (S5a-b) is:

Uy = Texp {fotp dt{wp12(6)311 Lz + wrp (I + Izz)]} Eqg. (S8a)

12
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UZ = Texp {ft’II;R dth,lZ(t)Slel.XZ}l Eq (SSb)

The operators in Eq. (S8a-b) can be rewritten with fictitious spin %2 operator formalism(Vega, 1978):

2l = 2 + 1Y,

(Izl + IZZ) = 212(1’4) '
Therefore, Egs. (S8a-b) can be written as follow:

U, = Texp { [y dt [wD,lz(t)3 (159 + 139 + werIZ(M)]} Eq. (S10a)

U, = Texp | f;R dtwp 15(0)3 (I8 + 189}, Eq. (S10b)

Since the operator 1,52'3) commutes with other operators and the dipolar function is periodic —

fOT R dtwp, 1, (I = 0 - the Egs. (S7) and (S10a-b) can be rewritten as:
-1
(12)(Te) = Tr{LUS UL, (U Put) 7L g (s10)
UM = Texp {f;7 dt [wp 12 (031 + w2}, Eq. (S122)

U$® = Texp f;" dtwp 1, ()31}, Eq. (S12b)

Eqg. (S9)

On the basis of the fictitious spin % operator formalism(Vega, 1978), the next properties always hold:

21, 1820, = 139,

X
21,1821, = 127, j=1,2.
On the basis of these properties Egs. (S11) and (S12) are:

- - -1
(Lp)(TR) = Tr {Ilexle(z'g)Ul(Z'3) (vs-9uP®) } Eq. (S14)
U1(2’3) = Texp {fotp dt [wD,lz(t)BI,EZ’B) — wrf212(2’3)]}, Eqg. (S15a)

- N T
U2(2,3) — Pexp {ftpR dtwn,lz(t)31§2’3)}- Eq. (S15b)
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Eg. (S13)



210

211

212

213

214

215

216

217

218

219

220

221

222
223
224

225
226

227
228

229
230

On the basis of Eq. (S9) the product of I,,1,, can be rewritten and therefore Eq. (S14) is:

(1,,)(Tr) = 0.5Tr {(1,52'3) + 1) (G20 (Ut U1(1’4))_1} =

e - -1
=0.5Tr {I*VTZVT ) + 05T {1,51'4) (vSu) } Eq. (S16)
The next step is to use the properties of fictitious spin % operator formalism (Eq. S13) to arrive at:
- - - - -1
(I2)(Tg) = 0.5Tr {IZVTPDTEY + 0.5Tr {1,52'3) (022 T) } Eq. (S17)

The last step is to use the property:

) 152.3) 1}52.3)2 152.3) _ 1}52,3), Eg. (S18)
_9 1}(}2,3) 12(2,3)2 1}(}2,3) _ 12(2,3)'
Substituting Eq. (S18) into Eq. (S115a-b), then the modified Eq. (S15a-b) into Eq. (S17) and considering

that 21$*%213% = 1@ and [1,52'3), UZ(Z'B)] = 0, the transferred signal is:

- - -1 - - -1
(122)(TR)=—0.5T1~{1,§2'3) (U205 }+0.5Tr{1,§2'3) (TE52) }:o. Eq. (S19)

Since the transferred signal is zero at the mixing time of one rotor period, it is always zero at integer

multiples of rotor periods.
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