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New Ping-Pong Scheduling for Low-Latency EMD
Engine Design in Hilbert–Huang Transform

Wen-Chung Shen, Hsiao-I Jen, and An-Yeu Wu

Abstract—Hilbert–Huang transform (HHT) is a powerful tool
to analyze biomedical signals such as electroencephalography
and electrocardiography signals. Empirical mode decomposition
(EMD) is the kernel operation in HHT. Because an EMD algorithm
usually needs large memory with long latency in computation,
EMD is generally implemented by offline computations. In this
brief, we propose a low-cost EMD engine with novel ping-pong
scheduling. The resulting chip implementation can reduce half
latency of the conventional EMD. Compared with the data-reuse
scheme, the latency is reduced to only 0.003%, and the energy
consumption can be reduced to 1%. The proposed EMD engine
design makes the sliding ensemble EMD feasible for real-time
HHT applications.

Index Terms—Empirical mode decomposition (EMD),
Hilbert–Huang transform (HHT), ping-pong, sliding ensemble
EMD (EEMD), VLSI.

I. INTRODUCTION

THE Hilbert–Huang transform (HHT) is widely adopted in
analyzing biomedical signals, including electrocardiogra-

phy (ECG) [5], electroencephalography (EEG) [6], etc. The
empirical mode decomposition (EMD) and ensemble EMD
(EEMD) are the key components in HHT, and the EEMD
ensembles the results of multiple EMDs with different noise
aids to solve mode mixing [2]. In home-care applications, the
portable device requires low latency and low energy consump-
tion for HHT computation. Therefore, an efficient VLSI design
of the EMD engine is desirable for future applications.

The EMD is the key component of HHT to decompose data
into intrinsic mode functions (IMFs) and a residue. The cubic
spline interpolation (CSI) is the dominant computation in EMD.
The iterative CSI of EMD consumes long latency and large
memory cost. In addition, the sequential tridiagonal matrix
algorithm (Seq-TDMA) causes the most latency in the CSI. Due
to the long latency and high memory cost, the EMD is usually
computed offline in desktop computers or in DSPs [7].

In [3], the VLSI architecture of an online EMD processor was
proposed. The work in [3] focuses on a data-reuse scheme for
the TDMA computation in EMD for low latency and low mem-
ory usage. The TDMA consists of forward and backward
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sweeps. The data-reuse scheme can help reduce the forward
computation and increase the backward computation while
each extremum is found [3]. Nevertheless, when the oscillating
frequency of IMF is high, the data-reuse scheme is slow in
latency (4.7 s for obtaining three IMFs). However, given five
IMFs and ten iterations per IMF, the CSI is iterated for 50 times
during EMD computation. Therefore, the latency reduction of
the iterative CSI is an important issue in EMD. In this brief, a
new ping-pong architecture is proposed to reschedule the data
flow for achieving low latency in iterative CSI computation.
The contributions of this work are listed below.

1) Low-latency ping-pong architecture: We propose the
ping-pong architecture to set the CSI-backward in
the current iteration to be the same data direction with
the CSI-forward in the next iteration. The two operations
can be executed in a pipeline structure. The proposed
ping-pong architecture can reduce half the latency of
conventional EMD. Because of preventing from repeated
TDMA-backward in [3], the latency can be reduced to
only 0.003% for the first three IMFs in comparison with
data-reuse scheme.

2) Reducing silicon area cost and energy consumption:
All iterations of the proposed schedule can share the
same buffer memory. Hence, the memory cost is reduced
to 10% of the data-reuse scheme. The logical area is
also reduced by using an interleaved method in CSI-
forward and an online updating method in CSI-backward.
Therefore, the silicon area is reduced to 46% of the design
in [3]. In addition, the ping-pong scheduling can avoid
the repeated CSI-backward in [3]. As a result, the energy
consumption is reduced to 1% of that in [3] due to the
low-latency operations and low memory cost.

3) Applications to sliding EEMD: The EEMD can solve
the mode-mixing problem of EMD. Due to the low-latency
feature of the proposed EMD engine, we can achieve real-
time computation for the proposed sliding EEMD compu-
tation, i.e., the EEMD with sliding window operation.

The organization of this brief is as follows. The EMD al-
gorithm is introduced in Section II. We propose a ping-pong
architecture for a low-latency EMD processor in Section III.
The comparison results are represented in Section IV. Finally,
the results are concluded in Section V.

II. REVIEW OF EMD ALGORITHM

A. EMD

In order to obtain correct instantaneous frequency in Hilbert
transform, the EMD decomposes data into IMFs [1]. The IMF
must satisfy two conditions: 1) the number of extrema and the
number of zero crossings must either be equal or different at
most by one; and 2) the means of upper and lower envelopes
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must be zero at any time [1]. The steps of EMD are summarized
as follows.

At initial setting, both c(t) and d(t) are set to input data x(t).
1) Identify the extrema.
2) Generate the upper envelope U(t) and lower envelope

L(t) from maxima and minima by CSI.
3) Compute the means m(t) = [U(t) + L(t)]/2.
4) Sift mean: new c(t) = c(t)−m(t).
5) Repeat steps 1–4 until the tenth iteration. Then, c(t) is

new IMF Ci. New d(t) = d(t)− c(t) and new c(t) =
new d(t) are the remains of IMF Ci.

6) Repeat steps 1–5 until the residue remains.
After EMD, the data can be represented as a summation of

multiple IMFs Ci(t) and a trend (residue) Res(t)

x(t) =

M∑
i=1

Ci(t) +Res(t) (1)

where M is the number of IMFs. The detailed operation of
computing envelope is discussed in the following sections.

B. CSI

CSI is applied to interpolate the upper envelope for maxima
and the lower envelope for minima in EMD. Suppose a set of
N maxima (minima), and CSI uses a third-order polynomial to
connect the maxima (minima)

Fk(t) = akt
3 + bkt

2 + ckt+ dk (2)

where t ∈ [0, tk+1 − tk], and k = 1, 2, . . . , N − 1. Surround-
ing the extremum tk, the third-order polynomial must satisfy
the three constraints. Fk(t), F ′

k(t), and F ′′
k (t) are continuous.

The equation can be formulated as

Fk(0) =Fk−1(hk−1)
F ′
k(0) =F ′

k−1(hk−1)
F ′′
k (0) =F ′′

k−1(hk−1) (3)

where hk = tk+1 − tk is the timing difference between the kth
and (k + 1)-th maximum (minimum).

At the two boundary conditions, the curvatures of the first
maximum (minimum) and last one are unknown. For the bound-
ary conditions, CSI proposes several modes such as natural and
not-a-knot modes. In order to prevent the overprediction for
the boundary conditions, the natural CSI sets the curvature of
two boundary points, i.e., F ′′

1 (0) and F ′′
N−1(hN−1), to be zero.

Therefore, the natural CSI is adopted in this brief.
When Sk is assumed as the curvature of the kth maximum

(minimum), the equation can be formulated as⎡
⎢⎢⎢⎢⎢⎢⎣

B1 C1 0 · · · 0

A2 B2 C2
. . .

...

0 A3 B3
. . . 0

...
. . .

. . .
. . . Cn−1

0 · · · 0 An Bn

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

S2

S3

S4
...

Sn+1

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

D1

D2

D2
...

Dn

⎤
⎥⎥⎥⎥⎦ (4)

where n = N − 2 and

Ak =hk for k = 2 ∼ n
Bk =2(hk + hk+1) for k = 1 ∼ n
Ck =hk+1 for k = 1 ∼ n− 1
Dk =6(gk+1 − gk) for k = 1 ∼ n. (5)

Fig. 1. (a) Conventional CSI uses forward sweep to compute C′ and D′ for
each of the maxima (minima) and backward sweep to compute the curvature S.
(b) Data-reuse method reuses the previous C′ and D′ for the next ones, but the
backward sweep is repeated when the next extremum is found [3].

The slope between maxima (minima) is defined as gk =
(yk+1 − yk)/(tk+1 − tk).

In order to solve the tridiagonal matrix, Seq-TDMA [4] is
generally used. The Seq-TDMA consists of two steps. The
first step eliminates Ak with Gaussian elimination to compute
C ′

k and D′
k. This step processes data from the first maximum

(minimum) to the last one and is so-called forward sweep

C ′
i =

{
Ci/Bi for i = 1
Ci/mi for i = 2 ∼ n− 1

D′
i =

{
Di/Bi for i = 1(
Di −D′

i−1Ai

)
/mi for i = 2 ∼ n

mi =Bi − C ′
i−1Ai. (6)

The next step eliminates C ′
k to compute the curvature Sk

in backward direction. Therefore, this step is also called the
TDMA-backward sweep. The equation is represented by

Si =

{
D′

i−1 for i = n+ 1
D′

i−1 − C ′
i−1Si+1 for i = n ∼ 2

(7)

and the polynomial coefficients in (2) can be solved by{
ak = (Sk+1 − Sk)/6hk bk = Sk/2
ck = gk − (2Sk + Sk+1)hk/6 dk = yk.

(8)

Since both TDMA-forward and TDMA-backward sweeps re-
quire sequential computation, the Seq-TDMA dominates the
computational time of EMD. Therefore, reducing the latency in
the iterative TDMA is the main challenge of the EMD engine.

III. VLSI ARCHITECTURE DESIGN

A. Problem Formulation

Low power, miniaturized area, and low latency are the im-
portant issues in EMD engine design [3]. In general, the offline
EMD consumes large memory to store the large window size,
and it consumes huge power and long latency to compute the
iterative sifting process. In Fig. 1(a), the long latency in EMD
is produced by CSI-forward and CSI-backward. The authors of
[3] proposed the data-reuse scheme to reduce the memory cost
and latency. Although the data-reuse scheme reuses the coef-
ficient of CSI-forward, the CSI-backward is repeated for each
extremum in Fig. 1(b). In [8], the result in boundary window,
which is defined as the duration among the last four maxima and
four minima in each iteration, is added to reduce the boundary
effects. It indicates that the data-reuse scheme must calculate at
least four times of CSI-backward coefficient than conventional
approach for both the maxima and the minima. When the oscil-
lating frequency of the signal is high, the data-reuse scheme is
not a low-latency and low-energy solution. Given 5 IMFs and
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Fig. 2. Comparison of the conventional and proposed ping-pong flowcharts
for EMD. (a) In the conventional method, the data flow is processed from left to
right and from right to left for CSI. It consumes long latency in the reversed data
flow. (b) In the proposed ping-pong method, the data flow in the even iterations
is reversed. Therefore, the computation time per iteration can be reduced to half
of the conventional one.

10 iterations per IMF, the EMD requires 50 iterations of sifting
process. Therefore, the latency reduction of iterative CSI is very
important for low-latency issue. In this brief, we propose the
ping-pong architecture to reduce the latency of CSI and reduce
the memory cost by sliding window [9].

B. Proposed Ping-Pong Scheme for Low Latency

Fig. 2(a) shows the timing diagram of EMD. The CSI-
forward and CSI-backward are sequentially executed with dif-
ferent directions and consume long latency. Since the result
of CSI starting from the left boundary is equal to the result
starting from the right one, the executing direction of CSI can
be changed. In Fig. 2(b), the proposed ping-pong architecture
exchanges the directions of CSI-forward and CSI-backward in
even iterations. As a result, the CSI-forward has the same direc-
tion with the CSI-backward in the previous iteration, and these
two steps can be grouped together with pipeline architecture.
In order to simply evaluate the latency, it is assumed that the
four steps in EMD require one cycle for each sample and there
are W samples. In Fig. 2(a), the conventional method requires
2×W + 2 cycles per iteration. In Fig. 2(b), the proposed
ping-pong method consecutively executes the CSI-backward
in iteration 1 and CSI-forward in iteration 2. The proposed
ping-pong method requires W + 3 cycles per iteration, which
is almost half of the latency in the conventional method.

In Fig. 3(a), the two-iteration execution flow of conventional
method is presented. In Fig. 3(b), the proposed ping-pong
method exchanges the executing direction of even iteration
and reorders the hardware architecture that starts from CSI-
backward and ends at CSI-forward in the next iteration. There-
fore, all the blocks in the red square have the same operating
direction and can be implemented with pipeline architecture.

C. CSI-Forward

In the sifting process, both upper and lower envelopes require
the CSI-forward computation. In Fig. 4(a), the conventional
method implements the CSI-forward with single delay feed-
back in VLSI architecture. The critical path contains a multi-
plier, an adder, and a divider. For the upper and lower envelopes,
two CSI-forward architectures are required. In Fig. 4(b), the

Fig. 3. Comparison of the conventional and proposed ping-pong flowcharts
for EMD. The CSI in EMD is separated into CSI-forward and CSI-backward.
(a) In the conventional method, the data flow is processed from left to right and
from right to left for CSI. It consumes long latency in the reversed data flow.
(b) In the proposed ping-pong method, the data flow in the even iterations is
reversed. Therefore, the right to left data flow can be gathered for low latency.

Fig. 4. CSI-forward can be implemented by (a) single delay feedback and
(b) the proposed interleaved method. The interleaved method pipelines the
feedback loop to reduce critical path and shares resource between maxima and
minima.

interleaved method is proposed. It adds one extra pipeline stage
in the single delay feedback, and we feed maxima-generated
coefficients and minima-generated ones of (5) into the input
stage in an interleaving order. In odd cycles, the maxima use
blue path computing, and the minima use red path computing.
In even cycles, the minima use blue path computing and the
maxima use red path computing. Compared with Fig. 4(a),
the interleaved method can split the critical path and share
resources for maxima and minima.

D. CSI-Backward

The CSI-backward consists of TDMA-backward sweep for
computing Sk and third-order polynomial interpolation for in-
terpolating upper and lower envelopes. In order to consecutively
execute the TDMA-backward sweep and third-order interpola-
tion, we can rewrite the polynomial for backward direction with

Y = âkX
3 + b̂kX

2 + ĉkX + d̂k (9)

where

X =hk − t|X ∈ [0, hk] (10)
âk =(Sk − Sk+1)/6hk

b̂k =Sk+1/2
ĉk = − (yk − yk+1)/(tk − tk+1)− hk(Sk + 2Sk+1)/6

d̂k = yk+1. (11)
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Fig. 5. Online updating scheme for CSI-backward sweep.

The direct implementation of the third-order polynomial re-
quires five multipliers and three adders in total. Since Xi =
Xi−1 + 1 is incremental by 1 for each point, we can use the
online updating scheme

Yi =

⎧⎨
⎩

d̂k for i = 0
Yi−1 + 3âkZi−1 + 2b̂kXi−1

+(âk + b̂k + ĉk) for i = 1 ∼ hk

Zi =
(
X2

i +Xi

)
= Zi−1 + 2Xi−1 + 2 (12)

to implement the third-order polynomial and avoid directly com-
puting the high order of X . The updating Xi−1 and Zi−1 terms
can reduce three multipliers of the third-order polynomial.

Substituting (11) into (9), the direct implementation of CSI-
backward requires eight multipliers, eight adders, and two di-
viders. In addition to the conditions of residue (only one or no
extremum [1]), the dynamic range ofX can reach 100 in window
size=256, and the âkX3 in (9) would be enlarged by 106=220

times. It indicates that the precision bits of âk must be extended
by 20 bits to remain the precision of the polynomial. Given 16-bit
fixed-point precision at output, âk must have at least 36 bits
and âkX

3 requires a long-length multiplier. Substituting (11)
into (12), the online updating scheme can be separated into the
terms of divide-by-6, Ya, and divide-by-6 hk, Yb. Then, we have

Yi =Yi−1 + Ya + Yb,
Ya = [Sk+1(6Xi−1 + 3)− hk(Sk + 2Sk+1)] /6
Yb =

[
(Sk − Sk+1)

(
3X2

i−1 + 3Xi−1 + 1
)

+6(dk − dk+1)] /6hk. (13)

In Fig. 5, the online updating scheme requires only four mul-
tipliers, nine adders, and one divider to implement the CSI-
backward. The online updating scheme also moves the divider
into the last stage to avoid long-length multiplier and can save
area for the third-order polynomial circuit.

IV. VLSI IMPLEMENTATION OF THE EMD ENGINE

A. Overall Block Diagram of the EMD Engine

Fig. 6 shows the architecture of proposed ping-pong method.
Ei,j indicates the input of the sifting process for the ith
component and jth iteration. In the ping-pong architecture, the
buffer for t, C ′

k, and D′
k is reordered to the starting component

of the sifting process. Since the EMD sifts the low-frequency
(LF) means from the high-frequency (HF) components in each
iteration, the two data memory devices are used to record the
HF and LF data separately.

At the beginning of EMD, input data are loaded from the LF
memory to find extrema. Then, the processing units (PUs) for

Fig. 6. Block diagram of the EMD engine.

TABLE I
COMPARISON OF IMPLEMENTATION

C ′
k and D′

k compute the TDMA-forward sweep and store the
results in the buffer for t, C ′

k, and D′
k. After all coefficients

are stored, the coefficients are loaded from the buffer with
reversed processing direction to the PUs for upper and lower
envelopes. During the first to ninth iterations, the PUs for
U(t) and L(t) compute the results of sifting means Ei,j+1(t)
and store Ei,j+1(t) into the HF data memory. At the tenth
iteration, Ei,j+1(t) is the IMF output and Ei,1(t)− Ei,j+1(t)
is the summation of means during the ten iterations. Therefore,
Ei,1(t)− Ei,j+1(t) is stored in the LF data memory and set as
the data input of next IMF computation. When the iteration of
PUs for U(t) and L(t) is odd, all blocks are computed from the
right boundary to left one. On the contrary, all blocks are from
left to right in even iterations.

B. Implementation Results

Table I shows the comparison of the DSP+ FPGA implemen-
tation [7], data-reuse scheme [3], and the proposed ping-pong
architecture. Reference [7] is applied to low-latency ECG signal
processing, and [3] is for online EEG signal processing. The
proposed ping-pong architecture is implemented by a Taiwan
Semiconductor Manufacturing Company 90-nm 1P9M CMOS
process, and the layout view is shown in Fig. 7. In order to
compare with [3], the same 16-bit fixed-point precision as [3]
is set, and the window size is set to 256 samples for matching
the sampling rate (256 samples/s) of EEG signal. The chip area
is 1.32 mm2, and the memory is only 2.3 KB. The maximum
operating frequency can reach 50 MHz. The total latency
is 0.27 ms for five IMFs (54 μs per IMF), which is only
10% of [7] (2.78 ms). For the first three IMFs, the latency
is 0.16 ms and the energy is 2.2 μJ. The latency is much
smaller than 4.7 s of [3] because the data-reuse scheme must
compute at least four times of CSI-backward coefficient than
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Fig. 7. Layout view of the proposed ping-pong architecture for EMD algo-
rithm. Two data buffers are put to the top side, and two buffers for tk , C′

k , and
D′

k are put to the bottom side.

Fig. 8. (a) Conventional EEMD uses the same data to process EMD with noise
aids. (b) Sliding EEMD uses sliding window as the input of each EMD block.
The boundary effects can be reduced in ensemble.

the conventional method, as mentioned in Section III-A. The
frequent computation in data-reuse scheme also increases the
energy of accessing memory. Therefore, the proposed ping-
pong architecture reduces the energy consumption to 1% of [3].

The window size W , IMF number M , and sifting number
R can be set depending on applications. The memory size is
only 10% of [3] because [3] allocates buffers for all iterations.
The buffer size of [3] is proportional to M ×R iterations, and
the proposed ping-pong architecture reuses the same buffer for
all iterations. Therefore, the buffer size in this brief is only
proportional to W . No matter how the iteration number or
IMF number changes, the buffer size is fixed. As a result, the
core area in this brief is only 46% of [3]. In order to extend
to other applications, only the memory area is proportional to
the window size W . The combinational area is fixed when the
precision is fixed to 16 bits. Therefore, the proposed ping-pong
architecture is easily scaled to other applications.

C. Application to Sliding EEMD

Since the mode-mixing problem is inevitable in EMD for most
of the biomedical applications, the EEMD is proposed to solve
mode mixing with noise aids [2]. In Fig. 8(a), the EEMD adds
different noises for Ne blocks of EMD and then ensembles the
decomposition results. Therefore, EEMD consumesNe times the
computational complexity of EMD. The proposed low-latency
EMD engine makes the online EEMD computation possible. In
this brief, we propose an online EEMD with sliding window
operation (sliding EEMD) for low memory cost, low latency, re-
ducing boundary effects, and solving the mode-mixing problem.

In Fig. 8, the EMD engine is applied to the red block. As
shown in Fig. 8(a), since the conventional EEMD ensembles
the EMD results from an entire data block, the EEMD requires
large memory and long latency. The sliding EMD [9] ensembles
the results of EMD with constant window shift to average the
boundary effect. In Fig. 8(b), compared with sliding EMD, the
proposed sliding EEMD adds additive white Gaussian noises to
data window before the data feed into the EMD engine. Hence,
the proposed sliding EEMD can solve the mode-mixing prob-
lem in real time. Given ensemble number Ne > 1 and window
size W , the overlap size of sliding window is set to W − P with
P = W/Ne. For any sample in sliding EEMD, there are Ne
data windows containing the sample. The IMFs of the sample
in sliding EEMD are ensemble means of Ne different IMFs,
which contain the sample point in data window. Because the
proposed sliding EEMD ensembles the Ne results of EMD, the
boundary effect can be reduced to 1/Ne. According to [2], Ne
and ε can be set depending on applications. W can be deter-
mined by the sampling rate for real-time monitoring. In order to
evaluate the real-time performance, the EEG applications (256
samples/s) are applied in sliding EEMD. When Ne = 100 and
W = 256, the total latency of sliding EEMD is 27 ms.

V. CONCLUSION

In this brief, we have proposed a low-cost ping-pong archi-
tecture to implement EMD algorithm for low latency and low
energy. Latency of the proposed ping-pong architecture can be
reduced to 0.27 ms. The low latency of the proposed ping-pong
architecture also leads to low energy consumption (2.2μJ for the
first three IMFs). Due to the low-latency EMD engine, we can
perform EEMD in real time with the proposed sliding EEMD.
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