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Abstract. A frequency spectra determination of the common-mode signal due to the differential driver asymmetries
is presented. The analytical expression for the Fourier
series is developed and the evaluations for different dependencies are introduced. The effect of the skew time and
amplitude imbalance is shown in a parameter study. From
the general analytical solution a compact expression for
small amplitude imbalances is deduced. This allows to
study the influence of the driver time skew on the resulting
common-mode signal, which is the source of unwanted
electromagnetic radiation. It is found that for realistic
driver parameters, the driver skew is the most responsible.
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A study of the differential and single trace with arbitrary trace position [3], with splits in the ground plane
and the effect of current imbalance is presented in [1]. In
this paper the influence of driver asymmetries on the common-mode frequency spectrum is studied. The effect of the
skew between the differential signals and the influence of
amplitudes imbalance are investigated in terms of the resulting common-mode frequency spectrum. Fig. 1a shows a
sketch of a differential driver with the two corresponding
time domain output signals. Fig. 1b shows the two differential output signals, defined by the pulse time tp, the rise
time tr (the same value for the fall time is expected), the
skew time ts and the differential amplitudes A1 and A2.
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1. Introduction
One of the main electromagnetic interference (EMI)
problem on digital high-speed printed boards (PCBs) is the
common-mode (CM) radiation from currents on peripheral
conductive structures. The parasitic ground plane inductance is responsible for the common-mode radiation. The
common-mode currents are small in comparison to the
functional differential-mode currents on the traces, but due
to the large extent of the external common-mode current
path, e.g. cables connected to PCB, the common-mode
radiation may dominate the differential-mode contribution
from the whole system. The resulting voltage drop across
the ground plane represents the common-mode noise
source, which excites the external structure. The differential signalling is used as a method for reducing this common-mode voltage. This means is very often used for routing high speed signals to prevent the EMI problem. There
are lots of conditions for the EMI compatible trace routing.
The PCB layout, especially splits in the ground plane [1],
[2], the used differential drivers and also the equivalent
propagation trace length of the differential trace pair play a
great role in the total profit of differential signalling.
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Fig. 1. Differential schematic representation (a) and the time
domain output signals with all defining parameters (b).

2. The Analytical Technique for the
Fourier Series Determination
From the theory of signal processing and analysis an
approximating technique to determine the Fourier
transform is used in the following [4] - [6]. This technique
uses the theorem of the derivative of the Fourier transform
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F(ω ), the theorem of the time shifting (t0) and the Fourier
transform of the Dirac impulse δ (t), i.e.

dn f
↔ ( jω ) n F (ω ) ,
dt n

(1)

where ω is the angular frequency,

f (t − t 0 ) ↔ F (ω ) e − jt0ω ,

(2)

δ (t ) ↔ 1 .

(3)

If the function f(t) is sufficiently smooth, then it can be approximated by a small number of polynomial pieces as
shown in Fig. 2.

φ(t)

A1 ≥ A2

ti

In the following, the approximating polynomial is denoted
as φ(t). Differentiating φ(t) twice, we obtain a sequence of
Dirac impulses
(4)

i

The Fourier transform Φ(ω) of the approximating polynomial φ(t) is set up using (1), (2) and (3), as

( jω )2 Φ(ω ) = ∑ ci e − jω t

i

,

(5)

i

1

ω2

∑c e
i

− jω t i

]

,

where k is the number of harmonics. In the case studied
here, only odd harmonics appear.
The times ti (for i = 1, 2, ... 8 ) are defined as follows:
t1 = tr / 1.6,

t2 = tr / 1.6 + ts,

t3 = tp – tr / 1.6,

t4 = tp - tr / 1.6 + ts,

t5 = tp + tr / 1.6,

t6 = tp + tr / 1.6 + ts,

t7 = 2tp – tr / 1.6,

t8 = 2tp - tr / 1.6 + ts.

(6)

i

For a periodical signal φ(t), as considered here, the Fourier
transform must be converted into the corresponding
Fourier series with the spectral coefficients Ck to be
determined.
Knowing the Fourier transform Φ(ω) the spectral coefficients Ck of a Fourier series of a finite function φ(t)
with time period T are equal to the values of the Fourier
transform Φ(ω) of this function for the discrete angular
frequencies ω = k (2π/T), divided by period T, i.e. [4]

Ck =

− φ5 '⋅e − jω t6 + φ6 '⋅e − jω t7 − (φ6 ' ± φ1 ') ⋅ e − jω t8

(8)

The values of the first derivatives φ’(t) are listed in Tab. 1.

and consequently

Φ (ω ) = −

1
[− (φ1 ' m φ2 ') ⋅ e − jω t1 + φ2 '⋅e − jω t2
2π k ω

− φ3 '⋅e − jω t3 + (φ3 ' ± φ 4 ') ⋅ e − jω t4 + (φ4 ' m φ5 ') ⋅ e − jω t5

Fig. 2. Linear approximation of a function f(t) by φ(t).

φ'' (t ) = ∑ ciδ (t − ti ) .

As shown in Fig. 3, the real exponential signal shape
during the rise/fall times is approximated by a linear function. In this case, the common-mode signal function is
piecewise linear, so that the approximation polynomial φ(t)
and the function f(t) are identical.

Ck , A1 < A2 = −

t

....

The non-zero skew time ts between the two differenttial outputs and the slight amplitude differences (see Fig. 1)
are responsible for a small unwanted common mode signal
on the differential traces in addition to the intentional differential signal.

The approximating technique presented in the preceding section is applied to the common-mode signal Vcm(t),
as sketched in Fig. 3. Using Eq. (6) and subsequently (7)
the coefficients of the Fourier series are obtained as

f(t)

t 1 t2 t 3

3. Determination of the CM Frequency
Spectrum

1  2π  .
Φ k 
T  T 

φ’1

φ’2
φ’3

A1 − A2
t r / 1.6
A2
t r / 1.6
A1
t r / 1.6

φ’4

φ’5
φ’6


t 
A1 − A2 ⋅  2 − s 
t r / 1 .6 

t r / 0.8 − t s

A2
t r / 1.6
A1
t r / 1.6

Tab. 1. The first derivatives of the common-mode signal for the
determination of the Fourier-series coefficients.

(7)

The ± signs in Eq. (8) are used in the two cases A1 ≥ A2 or
A1 < A2.

Eqn. (7) together with (6) will be used to set up an analytical solution for the spectral coefficient of the CM frequency spectrum of imperfect differential drivers.

In case that the differential amplitudes are equal
(A1 = A2 = A) the following compact formula can be
derived from (8):
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Fig. 4. Frequency spectrum (first 30 harmonics) of the commonmode signal, (A1 = A2 = 1 V, tp = 5 ns, tr = 1 ns,
ts = 0.25 ns).
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Fig. 3. Sketch of the differential signals V1, V2 and of the examined common mode signal Vcm. The time values ti are
used in the following formulas.

This formula is more suitable for engineering purposes because of the short closed form as compared to (8). Furthermore, it reveals that the parameters which determine the
common-mode frequency spectrum are the ratios tr / tp and
ts / tp.
To validate the analytical solution, the Fast-Fourier
Transform implemented in MATLAB was used. The linear
approximation corresponds well with more precise exponential approximation [7]. As an example, a signal with the
following parameters was used: tp = 0.9911 ns, tr = 180 ps
and ts = 50 ps. The first harmonic amplitude is 0.4V for the
exponential approximation. The linear approximation yields a value of 0.407 V.
The application of the approximating solutions (8),
(9) for the frequency spectrum determination may serve as
a tool to study the differential signalling behaviour. An
investigation of the signal integrity and an estimation of the
maximum electromagnetic radiation from the printed circuit board can be commonly applied for this technique.
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Fig. 5. The dependency of the spectral coefficient amplitudes on
the ratio of the skew time/rise time (A1 = A2 = 1 V, tp =
= 5 ns, tr = 1 ns).
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With the developed formulas (8) and (9), the common-mode frequency spectrum can be studied for different
conditions. As an example the differential signal with equal
amplitudes (A1 = A2 = 1V) and with time parameters
tp = 5 ns (f = 100MHz), tr = 1ns and ts = 0.25 ns was used.
The resulting CM frequency spectrum is shown in Fig. 4. It
is visible that for this example the first harmonics are in the
range of –20 dBV.
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Fig. 6. Spectral coefficients envelope for different skew-time
values (A1 = A2 = 1 V, tp = 5 ns, tr = 1 ns).

Fig. 5 shows the dependency of the spectral amplitudes on
the ratio between the skew time and the rise time ts / tr. The
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same differential signal was investigated as above. The
amplitude of the spectral coefficients increases with increasing skew time. It is also interesting to note that some
harmonics go down again when the skew time reaches a
certain value (in case of the 7th harmonics), similar to results in [8].
The frequency spectrums in Fig. 6 show the effect of
the skew time on the spectrum. For the same parameters as
above, a ten times higher skew time yields an increase of
the first harmonic amplitude of about 20 dB.
In the preceding section the two amplitudes A1 and A2
of the differential signals were assumed to be equal.
The effect of amplitude imbalance is shown in Fig. 7
for an example with tp = 500 ns, tr = 10 ns, ts = 5 ns and
A1 = 1 V. The amplitude imbalance is given by the factor
α, referring to the relation A2 = A1 (1 + α). The results in
Fig. 7 show that small amplitude imbalances of a few percent have only a minor influence on the CM frequency
spectrum. This corresponds to typical imbalance values of
common drivers. Therefore, eqn. (9) provides sufficient
accuracy for engineering purposes.

• because the common-mode signal consists of the trapezoidal pulses with half-wave symmetry and with
alternating polarity, it produces only odd harmonics,
• small amplitude imbalances in the typical range of a
few percent have minor influence on the resulting CM
frequency spectrum, allowing to use a compact closed
form equation to calculate the spectral coefficients.
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Fig. 7. Relative spectral-coefficients envelope for different amplitude imbalance (A1 = 1 V, A2 = A1(1+α), tp = 500 ns,
tr = 10 ns, ts = 5 ns).

5. Conclusion
The approximating analytical solution technique for
the Fourier transform was used to investigate the frequency
spectrum of the common-mode signal due to differential
driver imbalances. The frequency spectrum dependencies
on the amplitude imbalance and the time skew were evaluated. The following results were obtained:
• the amplitudes of the common mode spectral coefficients generally increase with higher skew time. The
greatest differences are observed for the first harmonics, where a ten times higher skew time may yield a
20 dB spectral amplitude increase. For special harmonics the amplitude decreases after reaching a maximum value,
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