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Spin-wave devices have recently become a strong competitor in computing and information processing 
owing to their excellent energy efficiency. Researchers have explored magnons, the quanta of 
spin-waves, as an information carrier and significant progress has occurred in both excitation and 
computation. However, most transmission designs remain immature in terms of data rate and 
information complexity as they only utilize simple spin-wave pulses and suffer from signal distortion. 
In this work, using micromagnetic simulations, we demonstrate a spin-wave transmitter that operates 
reliably at a data rate of 4 Gbps over significant (multi-micron) distances with error rates as low as 
10−14. Spin-wave amplitude is used to encode information. Carrier frequency and data rate are carefully 
chosen to restrict dispersion spreading, which is the main reason for signal distortion. We show that 
this device can be integrated into either pure-magnonic circuits or modern electronic networks. 
Our study reveals the potential for achieving an even higher data rate of 10 Gbps and also offers a 
comprehensive and logical methodology for performance tuning.

Spin-wave devices, or magnonics, have drawn much attention in the past decade due to their promising 
applications in computing and information processing1–5. Utilizing the collective behavior of the electron spins, 
magnonics show significant advantages in terms of energy efficiency over their electronic counterparts, which 
inherently suffer from Joule heating caused by electron movement. In addition, spin-waves could benefit from 
their GHz to THz frequency6,7, submicron to nanometer scale wavelength and nonlinear behaviors, which are 
all essential for building compact chips for logic computation and communication.

Tremendous efforts have been made to exploit spin-wave-based information transmission, but there is a 
need to overcome major challenges such as the excitation and transport of spin-waves. High frequency, short 
wavelength, exchange-dominated propagating spin-waves are especially indispensable for this application; thus, 
excitation schemes must offer high frequency and compactness. Spin torque nano-oscillators (STNO) utilizing 
spin-transfer torque are a popular and reliable option owing to their excellent wavelength tunability and ease 
of operation8–10. Spin-Hall nano-oscillators (SHNO), which are more easily fabricated because they have less 
layers than STNOs, are used as well11–14. Spin-waves can be induced by the auto-oscillation from the STNO or 
SHNO free layer through either exchange11,15 or dipolar coupling16. A spin-wave frequency up to 46 GHz17 and 
a wavelength down to 74 nm8 have been reported. Alternative methods have also been proposed, such as the use 
of domain walls18, ultrashort light pulses6,7, voltage-controlled magnetic anisotropy effect19, etc.

As excitation techniques have improved over time, various spin-wave transmission plans have also been 
designed. J. Chen et al. reported a reconfigurable spin-wave interferometer for wave-based computing 
applications20. Spin-wave logic circuits have been constructed as demonstrated by the emergence of spin-wave 
majority gates21 and the magnonic directional coupler5,22, where information is encoded into the phase and 
amplitude of the spin-waves. A. Mahmoud et al. introduced a fanout cascading mechanism in order to build 
larger spin-wave logic circuit networks3. Moreover, manipulation of spin-wave propagation direction through 
magnetization gradients has been realized23 and spin-wave amplifiers have been proposed to compensate for 
damping loss24.

In order to make these spin-wave devices a useful substitute for modern CMOS chip components, high data 
rates are crucial. Unfortunately, the above-mentioned designs all suffer from a poor data rate that can hardly 
compete with leading edge 3–4 GHz CPU clock rates, which usually translates into data rates higher than 4 
Gbps. For example in Ref.21, a clock rate of only 88.5 MHz is achieved and in Ref.22, the data rate is estimated to 
be less than 100 Mbps. In fact, in these designs, only very simple information such as single-tone bit sequences 
are transmitted and the interval between these bits has to be long enough so that the detection would not be 
ruined by the signal distortion. In other words, a transmission scheme that could satisfy both high data rate 
and good information complexity has not yet been developed. Also, in many of these previous studies, spin-
wave detection is done by converting these magnetic signals back to electric signals through micro-antennas 
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or STNOs, it is likely better, however, to assemble a purely magnonic system22 because the conversion between 
electric and magnetic signals consumes much energy.

Here in this article, with the help of micromagnetic simulations, we first demonstrate a spin-wave transmitter 
design that could send pseudorandom binary sequences (PRBS) reliably at a data rate of 4 Gbps while maintaining 
excellent signal quality. An amplitude shift keying (ASK) modulation technique is used, where the information is 
encoded into the amplitude of the spin-waves. Phase and frequency shift keying (PSK and FSK) methods are also 
explored. The cause of signal distortion is comprehensively discussed. Furthermore, we show that this device 
can be either directly connected to all-magnonic circuits with no add-ons or integrated into modern electronic 
networks with appropriate converters. For the latter case, we design a demodulation and detection circuit and 
characterize the device performance using metrics like signal-to-noise ratio (SNR) and bit error rate (BER). Our 
device is capable of sending spin-waves over a distance of 6.6 µ m while keeping the BER below 10−6. Various 
sample sizes and carrier frequencies are investigated, which opens the possibility to achieve an even higher data 
rate of 10 Gbps. A comparison to current CMOS on-chip interconnects is presented. Magnetic properties are 
tuned by changing the applied magnetic field and the exchange coupling strength in order to further improve 
performance.

Results
Dispersion relation
In order to determine the optimal way to transmit the spin-waves, multiple system configurations are simulated 
and their corresponding dispersion relations are studied. Figure 1a schematically depicts the final device design, 
where a transmitter and a receiver are placed on top of a thin film waveguide. Yttrium iron garnet (YIG), a 
popular candidate for magnonic devices by virtue of its ultra-low spin-wave damping, is chosen as the waveguide 
material. This YIG thin film has a length of 41  μm and an equal width and thickness of 50  nm. Successful 
fabrication of YIG thin film with lateral dimensions down to this level has been reported25. A typical saturation 
magnetization Ms = 145emu

cm3  is used. An absorbing boundary condition is applied on one end of the waveguide 
by linearly increasing the damping constant to make sure that the spin-wave reflection is cancelled. Practically, 
this can be realized through doping, possibly with rare earth elements. Both transmitter and receiver can be 
either electronic or magnonic devices depending on different input and output requirements. A home-grown 
GPU-based micromagnetics solver is used26–30. Details on system parameters and simulation techniques can be 
found in Methods.

Two different magnetization configurations are investigated first: in-plane longitudinally saturated (along x) 
and in-plane transversely saturated (along y). The dispersion relations are plotted in Fig. 1b (see Methods for 
calculation details). Since our purpose is to propagate spin-waves straight along the waveguide length, the only 
wavevector component of interest here is kx (with ky = kz = 0). The ‘along x’ scenario is in fact an energetically 
favorable state of this magnetic waveguide due to its relatively large length. Spins spontaneously align themselves 
across this long axis as a result of the magnetostatic field distribution. While no external bias field is needed in 
this case, which appears to be a tempting advantage, the problem is that the spin-wave propagation (characterized 
by y and z components of the magnetization) suffers from strong demagnetization effects at the sample edges. 
This can be seen from the low kx region of the solid blue curve in Fig. 1b. Spin-wave group velocity vg = dω

dk  
drops to 0 here, indicating a non-propagating feature. The ‘along y’ case, on the other hand, shows a much 
smaller dipolar-dominated region, as presented by the solid red curve in Fig. 1b. Although an external field 
of 950 Oe is required to saturate the sample, the majority of excitable low-frequency spin-waves now reside 
in the exchange-dominated region and are allowed to have reasonable group velocities for propagation. This 
propagation geometry is similar to that in the Damon-Eschbash spin-wave (DESW) configuration31,32, where 
spin-wave propagation direction is perpendicular to the applied field, except that now the spin waves are 
exchange-dominated and are no longer confined to the sample surface. As will be discussed later, spin-wave 
distortion is closely related to non-linearity of the dispersion curve. Thus, a linear fit is performed on both 
curves for 5× 105cm−1 ≤ kx ≤ 1.25× 106cm−1. The results are denoted by the dashed lines in Fig. 1b. The 
coefficient of determination R2 of the ‘along y’ curve fitting (pink-colored) is closer to 1, suggesting a better 
linear regression approximation and thus a better linearity. Based on these comparisons, we decide to adopt the 
in-plane transversely saturated magnetization configuration for a better transmission quality under both low 
and high spin-wave frequencies. Out-of-plane magnetized configuration (along z) results are not presented here 
since they are exactly the same as those of the ‘along y’ case owing to symmetry.

The role of the aspect ratio of the sample’s width over thickness is also studied. When the width is extended, 
the external field that is needed to saturate the sample is reduced whereas the magnetization at the sample 
edges becomes more tilted, as shown in Fig. 1c. This is also referred to as the dipolar pinning effect33,34, which 
can be suppressed by making this aspect ratio approach unity. Hence, by using an equal thickness and width 
geometry here, we can minimize the spin-wave signal distortion caused by magnetization nonuniformity along 
the sample’s two short axes.

Single frequency spin-wave propagation and decay behavior
The in-plane transversely magnetized dispersion relation has revealed that any spin-wave with a frequency on 
this curve should be able to propagate with a non-zero group velocity. It is then of great importance to examine 
the propagation performance to see if these spin-waves could qualify as an information carrier. Figure 2a shows 
a snapshot of the spatial magnetization distribution of a spin-wave that has traveled 4 ∼ 8 µ m. In this test, a 
frequency of 18 GHz is first chosen because the dispersion curve at this frequency promises a large spin-wave 
group velocity and an excellent dispersion linearity. The transmitter keeps exciting spin-waves at this frequency 
for a total simulation time of 36 ns. Experimentally, this excitation can be realized by using STNO and SHNO 
devices14,17. The spatial magnetization data Mx, My and Mz of all the cells in the waveguide are recorded every 
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2.5 ps. These data are then averaged over the waveguide width in order to simulate the actual output signals 
detected by the receiver. Thermal fluctuation fields are not included in this test as we only want to identify the 
intrinsic spin-wave degradation. The spin-waves presented in Fig. 2a maintain a very good quality over a long 
distance. No obvious signal distortion is seen and the decay is insignificant, which is characterized by the small 
difference between the spin-wave amplitudes and its initial value (indicated by the dashed lines). The spin-
wave power loss can then be quantified based on this decay behavior. Figure 2b presents the change of main 
magnetization component My over distance. An exponential fitting is then performed on the data to calculate 
the spin-wave decay rate. The power loss rate of our device is calculated as Pmagnonic

loss = 5.56× 10−11 Watts. 
Detailed calculations can be found in Methods.

Modulation
Having established that the single frequency spin-waves are capable of traveling steadily over a long distance, 
single-tone binary sequences, or spin-wave pulses, can then be easily transmitted by simply turning on and off 
the magnon source. However, when it comes to sending realistic information such as a PRBS, which is much 
more complicated, strict modulation has to be implemented. In analogy to radio-frequency communication 
techniques, here we utilize these single frequency spin-waves as a carrier signal, and then encode information 
into the amplitude of these spin-waves, as depicted in Fig. 3a. This is known as the ASK digital signal modulation.

The modulated source signal is shown in Fig. 3b. A carrier frequency fcarrier = 18GHz is used again. The 
input signal is a PRBS of order 5 that contains 31 bits, which are denoted in the blue and yellow bar on top. 

Fig. 1.  Spin-wave transmitter design, dispersion relation and waveguide width test. (a) Schematic of the 
high data rate spin-wave transmitter. (b) Dispersion relations (solid curves) for two different magnetization 
configurations (sketched next to the curves). The dashed lines correspond to the linear fitting results of the 
dispersion relations under high kx (5× 105 ∼ 1.25× 106cm−1). R2 is the coefficient of determination for the 
linear regressions. (c) Y component of magnetization My along the waveguide width for three different widths. 
The width axis is normalized.
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Bit time is 0.25 ns, which gives a data rate of 4 Gbps. The spin-wave amplitude is defined by the transverse 
magnetization components with respect to the external field direction: Mx or Mz = Mssinθ , with θ  being the 
precession angle, which switches between 10◦  and 0◦  at the magnon source according to the input bits.

Figure 3c shows the appearance of the modulated signal when it has traveled 1.5 µ m away from the source. 
A spin-wave group velocity of ∼ 1785m/s is recorded. An adequate signal quality is preserved as the “1” and 
“0” bits are clearly distinguishable from each other. No significant decay is observed although a slight signal 
distortion starts to appear. Small signal tails, or degraded signal squareness, are seen at bit transitions. In fact, 
the spectrum of a PRBS signal consists of many frequency lobes, each occupying a bandwidth of 4 GHz (always 
equal to the data rate)35. The integrity of the main lobe along with the first several side lobes are crucial for a good 
signal squareness (see Supplementary Note 1 for a full description). However, due to the non-linearity of the 
dispersion relation, spin-waves with different frequencies have different group velocities and thus inevitably end 
up separated from each other during propagation, resulting in loss of the signal integrity and thus the rounded 
shape of the wave packets (as shown in Supplementary Fig. S1d). This will eventually impact the signal detection 
as the bits overlap with each other. Consequently, a larger bit interval has to be used to make space for this signal 
distortion especially when a longer transmission distance is demanded, which in turn limits the data rate. This 
also explains the preference of a high fcarrier in the more linear region of the dispersion curve over those with 
low frequencies and worse linearities ( < 10GHz).

PSK and FSK modulation techniques are also studied (see Supplementary Note 2). Both of them offer a 
better performance only at small distances and overall are not a better choice than ASK method due to the 
unacceptable cost of much larger and more sophisticated circuit structures.

Demodulation and signal performance
This high data rate signal can then be used to excite new spin-waves or conduct spin-wave-based logic 
computations if multiple waveguides are connected properly5,20. As stated earlier, this purely magnonic circuit 
design is preferred as it avoids the expensive conversion between electric and magnetic signals, but here we 
also want to explore the possibility to integrate this device into modern electronic chips. Thus, a legitimate 
demodulation process is needed and the output can then be analyzed by using mature signal processing tools. 
This also helps better characterize the system. In order to collect and convert the magnetic signals, magneto-
resistive effect9 and STNOs16 can be used. For ASK-modulated signals, a standard envelop extraction method 
is used for demodulation36,37. No extra synchronous signal is needed and thereby this method is simple and 
inexpensively implemented. Details can be found in Methods. Figure 3d displays the demodulation result of the 
signal in Fig. 3c, which is received at a distance of 1.5 µ m. The information embedded in spin-wave amplitudes 
is successfully decoded, as can be seen from the distinct “0” and “1” states.

To characterize the transmission performance, the dependence of SNR and BER on propagation length is 
calculated and plotted in Fig.  4. Calculation details can be found in Methods. A Viterbi detector provides a 
significant enhancement of BER results over a threshold detector at a cost of much larger and more complicated 
circuit structures.

Fig. 2.  Single frequency spin-wave propagation and power loss. (a) Snapshot of spatial magnetization data 
Mx of propagating spin-waves. Dashed lines are the original spin-wave amplitude at the magnon source. (b) 
Averaged spatial My data (blue circles) and the exponential fitting (red curve). The dashed line denotes the 
saturation magnetization. Fitting function and coefficients are presented in the box.
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Based on different operating scenarios, BER criteria might change. So here we define two propagation lengths 
accordingly. The first one is for intra-chip application where the BER shall be lower than 10−6. The information 
transmission for this case happens inside a single chip so that only simple circuits like a threshold detector can be 
used. An example might be the memory part in a chip where modest error correction occurs. The second one is 
for arithmetic logic unit (ALU) level applications and a very strict standard of 10−14 is required for BER. For this 
case, the waveguide might be the basic logic computation unit by itself or connecting these components and no 
error correction circuit is allowed at this level. Therefore, the BER must be as low as possible and the propagation 
length is very limited in this case. When it comes to inter-chip applications, where the communication happens 
in between chips that are distant from each other, it will be affordable to use more powerful but also complex 
detectors and error correction circuits such as the above-mentioned Viterbi detector and thus a higher BER is 
tolerable. However, this long-distance scenario turns out to be less important and here we only focus on the 
two short-distance cases. Figure 4d yields substantial propagation length of 6150 nm and 4020 nm respectively 
based on the above two standards, indicating the suitability of our device for various applications.

All the discussions above use a room temperature assumption. We also test our device under a reduced 
temperature ( T = 30K). The results are shown in Fig. 4. It is not surprising to see an improvement for both 
SNR and BER down at 30K  because spin-waves, or tiny magnetic perturbations, are naturally sensitive to 
thermal agitations. At distance = 15 µ m, as can be found in Fig. 4b, the ratio of the threshold-detected BERs 
under two temperatures ( 1.792× 10−3

5.018× 10−2 = 3.57%) gives a rough estimate on the effect of thermal fluctuations on 
spin-wave propagations. In fact, at this distance, almost 96.5% of the noises come from the thermal fluctuations. 

Fig. 3.  Spin-wave modulation and demodulation. (a) ASK modulation of the carrier spin-wave signal using a 
PRBS as input signal. (b) ASK-modulated magnon source signal. The blue and yellow bar on top denotes the 
input bit states. The dashed lines separate the bits with a bit time of 0.25 ns. (c) Spin-wave signal at 1.5 µ m 
away from the source. (d) Demodulation results of the received signal in c.
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This BER ratio climbs quickly as the propagation distance gets longer, suggesting that at larger distances, thermal 
fluctuations play a less significant role and more errors are caused by the intrinsic non-linearity of the system. 
Note that in reality, under ultralow temperatures, spin-wave attenuation could become much stronger because 
of the coupling of magnons to the impurity ions in the YIG film or to the stray field from the paramagnetic GGG 
substrate38,39. These effects are not included here as we only care about the effect of thermal field strength.

Width effect and carrier frequency selection
Based on the low temperature results, the signals are primarily prone to thermal-induced errors for short to 
intermediate distances. Thus, in order to optimize the propagation performance especially for these distances, 
larger line width is investigated as it could make the system more thermally stable. Here, the aspect ratio of width 
over thickness is always kept as 1. Propagation lengths under different sample widths are plotted in Fig. 5a. The 
carrier frequency is kept as 18GHz. The blue and red curves represent the intermediate and short distance 
propagation performance. In fact, increasing the sample volume is found to suppress the thermal agitation, 
which can be seen from the rise of the two curves, but it also favors a stronger magnetostatic effect at the sample 
edges, which ultimately decreases the propagation performance. With a width and thickness of 72 nm, the two 
propagation lengths can be improved to 6620 nm and 4380 nm respectively.

A thorough study on carrier frequency is also conducted to justify the fcarrier choice of 18GHz for the above 
tests. The dependence of the propagation lengths on carrier frequency is shown in Fig. 5b. For both intra-chip-
level (blue curve) and ALU-level (red curve) applications, the transmission behavior peaks around 18 ∼ 20GHz. 
Two boundaries appear as the performance worsens under both high and low carrier frequencies. The lower 

Fig. 4.  SNR and BER performance for the 4 Gbps transmission scheme. (a) SNR performance over distance 
under two different temperatures. The error is typically less than 0.3 dB and thus not shown. (b) BER 
performance over distance under two different temperatures. Threshold detector and Viterbi detector are used 
to obtain BERs. (c) SNR-BER fitting for the two temperatures. BER data from threshold detector are used. (d) 
Extrapolation of BER data based on the SNR-BER fitting in (c).
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boundary simply comes from the modulation requirements and is designated the modulation boundary. 
Similar to what happens in wireless communication, here the ratio of the carrier frequency and the input signal 
frequency, or the data rate, has to be higher than a certain value; otherwise the modulation automatically fails. 
As for a data rate of 4 Gbps in this case, we empirically suggest a ratio around 5 ( fcarrier ∼ 20GHz) since carrier 
frequencies that are below 15GHz present poor results. When the carrier frequency is too high, on the other 
hand, spin-wave decay increases and limits the performance. The spin-wave decay length λ r =

vg
2α ω = dω

dk
1

2α ω  
is closely related to its frequency10, thus defining the decay boundary as shown in Fig. 5b.

Discussion
Potential for 10 Gbps data rate
Future computers will demand even higher data rates and lower energy cost. The two boundaries in Fig. 5b 
suggest a technique for obtaining superior performance by further increasing the carrier frequency. Therefore, 
we make an ambitious extrapolation on data rate, pushing it up to 10 Gbps, and determine a feasible system. 
Since the data rate has increased, the two boundaries increase accordingly. Based on the 4 Gbps data set and 
currently available spin-wave excitation schemes, we set the ratio of carrier frequency over data rate to be 4, 
which gives a carrier frequency of 40GHz. Again, 1116 bits are transmitted using ASK-modulated spin-waves 
and the results are plotted in Fig. 6. Even though the SNR and BER performance deteriorates at a faster rate than 
that in Fig. 4, a surprisingly high transmission quality is still obtained. Figure 6d gives a propagation length of 
3000 nm and 1520 nm for intra-chip-level and ALU-level applications respectively, which may be sufficient for 
on-chip computation and communication considering the ultra-high data rate.

Performance comparison against modern CMOS on-chip interconnects
In order to examine the energy efficiency of our spin-wave device relative to its electronic counterparts, we 
conduct a performance comparison against modern CMOS on-chip interconnects. For our spin-wave transmitter, 
two operating modes are included: 4 Gbps and 10 Gbps. Table 1 compares their energy consumption per bit, 
bandwidth density and propagation latency. Spin-wave group velocity is also listed. Our spin-wave transmitter 
exhibits great advantage in energy efficiency over CMOS on-chip interconnect wirings. For each bit transmitted 
using spin-wave carriers, the dissipated energy is lower by a factor of 17,800 (4 Gbps) and 13,500 (10 Gbps). 
The energy consumption for CMOS interconnects is calculated through capacitive loss while for the spin-wave 
transmitter, this is obtained from the above-mentioned spin-wave power loss evaluation. Incidentally, for CMOS 
on-chip wirings, the resistive contribution to energy consumption would be 1.44× 10−2 fJ/bit, which is also 
higher than spin-wave interconnects by a factor of 1040 (4 Gbps) and 787 (10 Gbps). Detailed calculations can 
be found in Methods.

The bandwidth density for both CMOS on-chip wiring and spin-wave waveguide are comparable. However, 
CMOS devices obviously deliver information more swiftly because the electric signal propagation speed, which 
is approximately the speed of light, is much faster than that detected in our magnon system ( ∼ 2 ∗ 103m/s). 
Overall, this comparison suggests the great potential of magnonics for supplanting CMOS devices, particularly 
where energy dissipation limits device performance, as is common.

Tuning magnetic properties
For all the results presented so far, an applied field Hy = 950Oe is used, which is the minimum field needed to 
saturate the sample. We have examined higher fields to see if the 10 Gbps transmission behavior can be improved. 

Fig. 5.  Size effect and carrier frequency selection. Dependence of the two propagation lengths on (a) sample 
width and (b) carrier frequency.
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Figure  7a presents the dispersion relation curves under an applied field of 950, 2000, 4000, 5000, 6000 and 
7500Oe respectively. Again, an equal width and thickness of 50 nm is used here. It turns out that increasing 
Hy will simply move the dispersion curve up with regard to the frequency axis without drastically changing its 
shape. The 10 Gbps transmission test is then performed under multiple applied field values and two different 
carrier frequencies, 40GHz and 50GHz, as indicated by the dashed rectangle in Fig. 7a. The corresponding 
intra-chip level propagation lengths are shown as the colored circles in Fig. 7b. The propagation length contour 
map, which gives a more comprehensive view of the device performance in this region, can then be obtained 
by interpolating these data points (see Methods). The best result appears near the top right corner, where 

Metrics Interconnect (4 Gbps)a Spin-wave transmitter (4 Gbps) Spin-wave transmitter (10 Gbps)

Energy consumption (fJ/bit) 2.47× 10−1 1.4× 10−5 1.83× 10−5

Bandwidth density (Gbps/mm) 8.3× 104 4× 104 105

Propagation latency (ps) 2.3 137.5 92.5

Spin-wave group velocity (m/s) – 2182 3243

Table 1.  Performance comparison against modern CMOS on-chip interconnects. aA data rate of 4 Gbps is 
assumed here for CMOS interconnects. However, the leading edge 3–4 GHz CPU clock rates could actually 
translate to a higher data rate than 4 Gbps depending on different chip architectures.

 

Fig. 6.  SNR and BER performance of the 10 Gbps transmission scheme. (a) SNR performance over distance. 
The error is typically less than 0.4 dB and thus not shown. (b) BER performance over distance. Threshold 
detector and Viterbi detector are used to obtain BERs. (c) SNR-BER curve fitting. (d) Extrapolation of BER 
data based on the SNR-BER fitting in (c).
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Hy = 5000Oe and fcarrier = 50GHz. This agrees with the previous observation on the 4 Gbps results, where 
the performance peaks when the carrier frequency is about 5 times of the data rate. Spin-wave excitation also 
benefits from this high applied field since a smaller wavevector, or a larger wavelength, is needed. Nonetheless, 
this high frequency along with the high applied field could be a burden considering the small gain in propagation 
length.

On the other hand, if we operate at 40GHz, which reduces the excitation difficulty, a local maximum 
is seen near Hy = 4000Oe. Compared with the low propagation lengths around the bottom right corner of 
Fig. 7b, this reveals another advantage of higher applied field: it could help stabilize the spin-wave propagation 
against thermal fluctuations and demagnetization effects. However, if we keep increasing the applied field, the 
transmission performance deteriorates quickly, as can be seen from the bottom left corner of Fig. 7b. This can 
be easily explained by the worse linearity of the dispersion curve under higher applied fields when the fcarrier 
is fixed. The ALU-level propagation lengths are also investigated, which present an almost same trend (see 
Supplementary Note 3).

Since the utilized spin-waves are all exchange-dominated ones, the exchange coupling effect shall play a 
critical role here for both 4 Gbps and 10 Gbps, and also for any other data rates. Thus, we want to aggressively 
vary this property so that we could understand this magnetic system from a broader view. In order to do that, we 
reduce the saturation magnetization by a factor of up to 2.5. This equivalently enhances the exchange coupling 
strength because it is proportional to 1

MS
. Figure  7c compares the dispersion curves with a larger exchange 

Fig. 7.  The effect of applied field and exchange coupling effect on dispersion relation and transmission 
performance. (a) Dispersion curves under different applied fields. (b) Contour map of intra-chip level 
propagation lengths in the dashed rectangle in a. Carrier frequency ranges from 40 GHz to 50 GHz. A data 
rate of 10 Gbps is used. (c) Dispersion curves under different exchange coupling strength. (d) Contour map 
of intra-chip level propagation lengths in the dashed rectangle in (c). Carrier frequency ranges from 15 to 
24 GHz. A data rate of 4 Gbps is used. Contours in b and d are only a guide to the eye. The colored circles 
denote raw data points.
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coupling effect that is 133%, 167%, 200% and 250% of the original value. An equal width and thickness of 
50 nm is adopted. Clearly, at high kx region, a stronger exchange coupling effect would bend the dispersion 
curves towards higher frequencies, increasing the spin-wave group velocity and slightly improving the dispersion 
linearity. Transmission tests are then performed under various exchange coupling strengths to prove these 
benefits, as marked by the dashed rectangle in Fig. 7c. A data rate of 4 Gbps is used and the carrier frequency 
ranges from 15 to 24 GHz. Similarly, the intra-chip level propagation lengths along with the interpolated contour 
map are displayed in Fig. 7d. A peak appears at the left central part of the contour map, indicating that a stronger 
exchange coupling effect, along with a proper carrier frequency ( 5× data rate), favors a better propagation 
performance. Specifically, the intra-chip level propagation length can be increased to as large as 8500 nm, which 
is ∼ 50% higher than that under an ordinary exchange strength. This study could serve as guidance in searching 
for new materials, with stronger exchange coupling effect than YIG, that could potentially make better spin-wave 
transmitters. An example of such material is europium garnet41.

To summarize, we have proposed a high data rate spin-wave transmitter design. Our device is capable 
of conveying complex information at a high data rate of 4 Gbps while maintaining excellent signal quality 
( BER < 10−6) over a long distance of 6.6 µ m. ASK modulation technique is used. The dispersion relation 
of the magnetic waveguide is studied and an optimal system configuration is determined, where the sample is 
in-plane transversely saturated with respect to the waveguide long axis and spin-waves propagate longitudinally 
along the waveguide. Dispersion spreading is found to be the main cause of signal distortion. We have overcome 
this issue by selecting the appropriate carrier frequency and data rate. The input and output of our device can 
be either magnonic or electric signals. For the latter case, ASK signal demodulation and detection circuits are 
described. SNR and BER are calculated in order to characterize our device performance. Propagation lengths 
for various operating situations are defined and calculated. Properly increasing the sample size is shown to be 
beneficial. The role of carrier frequency is explained, which defines the modulation and decay boundaries. A 
carrier frequency that is around 5 times of data rate is empirically found to be the best choice. Based on these, an 
ultra-high data rate of 10 Gbps transmission scheme is found to be achievable. A comparison to modern CMOS 
on-chip interconnects shows that our device is much more energy efficient by a factor of more than 104. A 
higher applied field would improve the performance, but not significantly. Better material candidates than YIG 
are anticipated through a study on the exchange coupling effect. Our work suggests the possibility of high data 
rate spin-wave-based computation and also provides a detailed guide for experimentalists (See Supplementary 
Note 4) on how to design a proper waveguide and find the best operating spot to meet data rate requirements.

Methods
System configuration and simulation setup
All the simulations in this paper are conducted by using a home-grown GPU-based parallel micromagnetics solver. 
The YIG waveguide is discretized into a 8192× 8× 1 grid with each cell having a size of 5× 6.25× 50 nm3. 
Here we select a cell length dx = 5 nm that is much smaller than the exchange length lex =

√
Aex

2π M2
s
≈ 16.28 nm 

of this YIG waveguide42,43, where an exchange coupling constant Aex = 3.5× 10−7 erg
cm  and a saturation 

magnetization Ms = 145emu
cm3  are typically used, so that we could accurately obtain details on spin-waves with 

small wavelength λ  and high wavevector kx. This 2-dimensional (2D) discretization method is proved to be 
trustworthy and efficient by a 3D and 1D discretization test (see Supplementary Note 5).

The Runge-Kutta 4th order method is used to numerically solve the Landau-Lifshitz-Gilbert (LLG) equation:

	
dM

dt
= − γ

1 + α2
M ×Heff − α · γ

(1 + α2)Ms
[M × (M ×Meff)] .� (1)

We use a gyromagnetic ratio γ of 1.77× 107s−1Oe−1 and a damping constant α of 0.00014. The effective field 
Heff  contains applied bias field Happ, exchange coupling field Hex, demagnetization field Hdemag and 
thermal fluctuation field Hthermal. For the Hex field calculation, we only consider the nearest neighbor 
interactions. No periodic boundary condition is applied. The demagnetization field Hdemag is obtained by 
calculating the convolution of the demagnetizing tensor and the magnetization using fast Fourier Transform 
(FFT)44–46. A dipole approximation is applied for the far field tensor calculation to minimize error caused by 
the non-cubic cell shape47. Thermal fluctuation field Hthermal is generated based on a Gaussian distribution48 
with a standard deviation σ =

√
2kBTα
γ VMsdt

, where kB is the Boltzmann constant and V  is the cell volume. The 

simulation time step dt = 50 fs and room temperature is typically assumed (T = 300 K). The total simulation 
time ranges from 30 ∼ 36 ns (long enough for the spin-waves to reach the other end) and the system is sampled 
every 50 time steps. The damping constant of the cells in the absorbing region linearly increases from 0.00014 
to 0.96014 with an interval of 0.03. We use compute unified device architecture (CUDA) to exploit GPUs and 
accelerate the solver thanks to the parallel nature of magnetic systems26 and the powerful CUDA FFT (cuFFT) 
library which can drastically speed up the Hdemag convolution calculation.

The magnon excitation from the transmitter is simulated by forcing the cells on the emitting end of the 
waveguide to precess coherently along a certain axis at an input-dependent frequency. The precession angle is set 
to be 10◦  in order to avoid nonlinear relaxation processes and thus allow better transmission46.

Dispersion relation
In order to obtain the dispersion relation, the magnetic system is allowed to relax from a slightly disturbed initial 
state under the applied bias field for 30 ns, which is sufficient for the system to reach the steady state. The initial 
state is defined as such: spins are aligned along the applied field direction with a randomized deviation in both θ  
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and φ  with a standard deviation of 0.5◦ . The spatial magnetization data are recorded every 50 simulation time 
steps, which are then Fourier transformed in space and time and converted into the frequency and wavevector 
domain. Then, for each wavevector, the main frequency, which has the maximum Fourier Transform amplitude, 
is found and thus the dispersion relation (main frequency vs. wavevector) can be obtained. The dispersion 
relation in our case is, in fact, the main frequency vs. kx curve, which can be easily obtained from the original 
dispersion relation by setting ky = 0.

Spin-wave transmitter power loss calculation
The main magnetization component My data are used here to calculate the spin-wave decay rate since it’s easier 
to extract their amplitude change. A carrier frequency of 18GHz is used. In order to eliminate the spatial spin-
wave perturbation, the waveguide is divided into several long boxes with a length of 575 nm, which is much 
longer than the spin-wave wavelength λ. Then the My data are averaged over this box length and presented in 
Fig. 2b as blue circles. An exponential fitting is performed on the averaged My data to obtain the spin-wave 
decay function over distance x9,10,49,50: My = Ms − aebx with a = 2.139 and b = −1.765× 10−5. The red 
curve in Fig. 2b shows the fitting result. Spin-wave energy dissipation can then be calculated through the magnon 
number loss: ∆E = Emagnon × ∆ n, where Emagnon = ℏ ω  is the energy of a single magnon with ω = 2π f  
and ∆ n is the change in magnon numbers. Since the existence of one magnon gives a magnetization decrement 

that would result from the reversal of one spin32,51, which equals 2µ B with µ B being the Bohr magneton, ∆ n 

can be expressed as ∆ n = ∆M× Vbox
2µ B

, where ∆M = Ms −My = aebx and Vbox is the volume of the above 
mentioned box. Based on these, we can estimate this spin-wave device power loss at any given distance as long 
as the corresponding propagation time ∆ t is known: Pmagnonic

loss = ∆E
∆ t . Here, we capture ∆ n and ∆ t values at 

a distance l = 4 µ m: ∆ n = 11, 259, ∆ t = 2.37 ns, and get Pmagnonic
loss = 5.6658× 10−11 Watts. Note that for 

a PRBS, this power loss would be slightly higher due to the broader frequency spectrum. Details can be found 
in Supplementary Note 6.

Demodulation methods
The ASK-modulated signal is demodulated using a standard envelope extraction method36,37. A low-pass filter is 
first applied to the target signal to remove thermal noise. A filter threshold of fcarrier + data rate is used here to 
filter out as much noise as possible while keeping the main lobe in the signal spectrum intact. The signal is then 
downsampled with a downsample factor of 6 and squared. Another low-pass filter is then used to remove all the 
high frequency signals so that the low frequency envelope can be extracted. The filter threshold here is equal to 
half of the data rate. The square root of the signal has to be taken and a factor of 2 needs to be multiplied in order 
to keep the amplitude correct.

SNR and BER calculation
For SNR calculations, we transmit 36 PRBS signals with different thermal fluctuation noises. Magnetization 
data are collected every 250 nm along the waveguide in order to check how the output signal degrades along 
the distance. At a certain distance, the demodulation process will convert the 36 transmitted signals into analog 
signals. For each analog signal, the DC component is first removed by subtracting its time average. In order to 
better simulate the realistic readback process, where the use of the downsampler and low-pass filters also affects 
the signal quality, SNR is calculated based on an ensemble waveform analysis method52. The following equation 
is used:

	
SNR = 10log10

signal power

noise power
.� (2)

The average signal, or the noise-free signal, is obtained by averaging these 36 signals. Then, signal power is 
defined as the total sum of squares of the average signal while noise power is obtained by calculating the variance 
of these signals.

For BER calculation, these 36 analog signals are sampled with an interval that is equal to the bit time length. 
For 4 Gbps, this is 1

4∗109 = 0.25 ∗ 10−9 s = 0.25 ns while for 10 Gbps, this is 1
10∗109 = 10−10 s = 0.1 ns. These 

sampled signals are then further converted into digital signals so that a decision circuit, such as a threshold 
detector or a Viterbi detector53–55, can be applied and the number of error bits can be obtained. A total of 1116 
bits are received, defining a BER resolution of 8.96× 10−4. In order to further obtain BER data in the ultra-low 
regime, which would otherwise require unreasonably large simulation resources, the SNR-BER relation is fitted 
to the following equation53,56 using the nonlinear least square method:

	
BER = a× erfc

(
b× 10

SNR
20

)
,� (3)

which provides exceptional fitting results, as shown in Figs. 4c and 6c as the dots and dashed lines. The BER 
curve can then be extrapolated according to SNR data based on this fit, as presented in Figs.  4d and 6d. A 
monotonic dependence on propagation distance is seen for both SNR and BER.

Performance comparison
The energy consumption per bit can be derived based on the spin-wave power loss rate: Emagnonic

bit =
P
magnonic
loss
data rate . For 

CMOS on-chip interconnects, since transmission of one bit means charging one capacitor57, the energy dissipation 
is evaluated through the capacitive loss40: Einterconnect

bit = CicV
2
dd. The interconnect capacitance Cic = cwirelic has 
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a value of 504 aF , where cwire = 126 aF/µ m and the interconnect length lic is assumed to be 4 µ m. A power 
supply voltage Vdd = 0.7 V  is used according to the 2022 International Roadmap for Devices and Systems58. 
The resistive power loss, on the other hand, is estimated by using: Presistive

loss = I2R = J2A2ρ l
A = J2Aρ l, where 

J  is the current density, A and l are the cross-sectional area and length of the wire, ρ  is the resistivity. Copper 
is considered here as the material for the interconnect wire, which is dominantly used in the semiconductor 
industry59,60. A current density of 2× 106A ∗ cm−2 is used61. The cross-sectional area is assumed to be 
10× 10 nm2 based on the current integrated circuits (IC) design paradigm59,60. The length of the wire is 
assumed as 4 µ m again. A thorough study on interconnect material conducting properties is presented by 
Daniel Gall59, which gives a reasonable resistivity of 36 µ Ω ∗ cm for this geometry. All these parameters finalize 

a power dissipation rate Presistive
loss = 5.76× 10−8 Watts. The energy consumption per bit is then simply: 

P resistive
loss

data rate = 5.76× 10−8

4Gbps = 1.44× 10−2 fJ/bit.
The bandwidth density is obtained by simply dividing the data rate by device pitch. A data rate of 4 Gbps 

is assumed here for CMOS interconnects while our spin-wave transmitter could reach a data rate of 10 Gbps. 
Modern finFET devices have a gate pitch of 48 nm58. Our spin-wave waveguide is designed to have a pitch of 
twice its width ( 100 nm) so that neighboring interactions are greatly reduced. This distance is estimated using 
spacing loss theory62, namely stray field is proportional to e−kd. Note that for the leading edge 3–4 GHz CPU 
clock rates, the actual data rate could be higher than 4 Gbps depending on different chip architectures.

For the propagation latency estimation, a wire length of 0.3 µ m is assumed for both cases. The CMOS 
interconnect delay time is calculated by: tinterconnect = 0.7CicVdd

Idev
, where Idev = 1.083× 10−4 A is the device on-

current40. Cic and Vdd have the same values as those used in the energy consumption calculations. The spin-
wave delay time and group velocity can be extracted directly from the simulation.

Propagation length contour map
For each specific case (with a certain Hy, fcarrier or exchange coupling effect), the transmission test is performed. 
Similarly, 36 signals are transmitted and SNR and BER results are calculated. The two propagation lengths are 
obtained from the SNR-BER curve fitting. These data are displayed as colored circles on the dashed dispersion 
curves in Fig. 7b and d. A surface fitting is then done by smoothly interpolating (and also extrapolating) these 
scattered data points63. The contour lines can thus be easily drawn based on this modeled surface.

Data availability
The simulation data generated for this work are available from the corresponding author upon request. The 
CUDA codes used to simulate spin-wave transmission and the MATLAB codes used for data processing are 
available from the corresponding author upon request.
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