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ABSTRACT

The influence of driver-asymmetries and termination imbalance on the common-mode and
differential-mode frequency spectra is studied. Both asymmetries are included into one pa-
rameter denoted as current-imbalance frequency-depended factor. This allows direct quantifi-
cation of the total parasitic voltage on the ground plane of a PCB, which is a measure for un-
wanted electromagnetic radiation. A comparison with conventional single-ended trace routing
shows degradation of EMI behaviour of differential signalling under realistic conditions.

1 INTRODUCTION

One of the main electromagnetic interference (EMI) problems on digital high-speed
printed boards (PCBs) is the radiation from currents on peripheral conductive structures due
to the voltage drop across the parasitic ground-plane inductance. The currents on the external
structures are small in comparison to the functional differential-mode currents on the traces,
but due to the large extent of the external current path, e.g. cables connected to the PCB, the
radiation may dominate the differential-mode contribution from the whole system. Differen-
tial signalling is often used for routing high-speed signals to prevent such EMI problems. Due
to the field cancellation of the two tightly coupled and oppositely directed trace currents, ra-
diation is considerably reduced. The total benefit of differential signalling depends on several
things, such as the PCB layout, splits in the ground plane, the differential-driver symmetry,
the equivalent propagation trace length and the symmetry of the impedance termination.

A study of the differential and single trace with arbitrary trace position, with splits in the
ground plane and the effect of current imbalance is presented in [1]. In this paper, the effect of
the skew between the differential signals and the influence of imperfect impedance termina-
tion are investigated in terms of the resulting differential- and common-mode voltage fre-
quency spectrum. The two output signals of a differential driver (Fig. 1a) are defined in the
time domain by the pulse time ¢,, the rise time ¢ (the same value for the fall time is assumed),
the skew time ¢, and the differential amplitudes 4; and 4, (Fig. 1b).
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Fig. 1: Differential driver (a) and time domain output signals u; and u;
with all relevant parameters (b).

2 FREQUENCY SPECTRUM OF COMMON- AND DIFFERENTIAL-MODE
SIGNAL DUE TO DRIVER ASYMMETRIES

Because of the non-ideal driver behaviour, a certain common-mode (CM) signal appears in
the output signals. Also the differential-mode (DM) signal is slightly disturbed. The amount
of disturbance depends on time skew and amplitude imbalance. In the following, the fre-
quency spectrum of the CM and DM signal is determined.

To obtain compact engineering expressions, the real exponential signal shape during the
rise/fall times is linearly approximated by a trapezoidal signal with the frequency spectrum

[3]:
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with the time period T of the periodic signal.
Assuming a half-wave symmetry, the spectrum (1) of the trapezoidal pulses has only odd
harmonics. The output differential signals are denoted by ul(t) and uz(t)=a~u1(t—ts),

where a is the amplitude factor Aj/A,. Because the Fourier transform F is linear, the fre-
quency spectrum coefficients for the CM and the DM signals Ccm, Cam respectively, can be
generally written as follows:
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This general approach allows to determine the CM and DM spectra for arbitrary differen-
tial signals, replacing Cy p, by the corresponding frequency spectrum. Using (1) and (2), the
common-mode frequency-spectrum coefficients for a trapezoidal differential signal (for

o = 1) are obtained as
t
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where k is an odd integer number.



Similarly, using (1) and (3), the frequency spectrum of the differential signal results in:
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Fig. 2: Frequency spectrum of the common- and while for the higher harmonics

differential-mode signal. the amplitudes are comparable.
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3 ODD- AND EVEN-MODE CURRENTS ON THE DIFFERENTIAL TRACES
DEPENDING ON TERMINATION IMPEDANCE

For determining the currents on the traces the termination network has to be included. As
sketched in Fig. 3a, the oppositely directed trace currents I; and I, can be generally decom-
posed into an ideally balanced odd-mode (I,qq) and a small equally directed even-mode por-
tion leven. The amount of imbalance may then be quantified by a current imbalance factor
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Fig. 3: Decomposition of a differential signal into an odd- and even-mode current (a) and
equivalent circuit of the differential signalling (b).

With the restriction to electrically short traces, the currents I,qq and Ieyen can be calculated
by circuit analysis (see Fig. 3). The voltage sources Ugy, and Ugn, representing the differential
driver, are replaced by the corresponding frequency spectrums C., and Cg,. After several
steps, the following final expression for the current-imbalance factor is obtained:
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The current imbalance factor k given in Eq. (6) includes the time skew of the differential
driver and the termination-network imbalance. The latter vanishes for Z; = Z,, i.e. for a per-
fectly symmetric network.

4 ESTIMATION OF THE TOTAL EXTERNAL VOLTAGE ON A PCB

The external voltage on the ground plane of a PCB is responsible for small antenna cur-
rents flowing on cable (shield) connected to the ground of the PCB. Assuming the trace length
to be short against the signal wavelength, which is a valid simplification up to several hun-
dreds of MHz for customary trace lengths and substrate material, the external voltage on the
ground plane of a PCB is given by [1]

Uext. dif = @1 oqa(ALcas +5 Loy ). (7)

Besides the currents Ioqq and the angular frequency o, the common-mode inductances Lem
and ALcvm and the imbalance factor k define the radiation level.

As sketched in Fig.4, the differential traces with mutual distance As are assumed to be at
the height h above a ground plane with the width w. The horizontal position of the traces with
. S : respec{: to the centre of the ground
i L b plane is denoted by s. To compare
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signalling with conventional single-
ended trace routing, the ratio
Uextdifr/ Uextsingle Of the correspond-
ing external voltages is considered.
The following expression which includes the cross-section geometry and the imbalance factor
k was developed in [1]:
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Fig. 5a shows as an evaluation of (6), the imbalance factor x for the first 30 harmonics
of a 100MHz signal with a time skew of 0.Ins and a termination asymmetry of approx. 5%
(see insert in Fig. 5a). As can be seen, k considerably increases with higher harmonics. The
influence of termination imbalance alone is shown in Fig. 5b for the first harmonic, depending
on the trace position S/W. Even for a relatively high fabrication tolerance of 10% the external
voltage with respect to the single trace is not much affected.

w

Fig. 4: Simplified cross-section of the differential pair.
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Fig. 5: Imbalance factor for first 30 harmonics (a) and differential-to-single external voltage
ratio depending on trace position (S/W) for different impedance imbalance (b).



The influence of trace position on all thirty harmonics is displayed in Fig. 6a for the same
parameters as in Fig. 5a. It is visible that when the traces are located very close to the edge,
the ideal properties of differential traces are almost degraded. The effect of the driver skew
time shown in Fig. 6b for a symmetric termination demonstrates the sensitivity of the EMI
behaviour of differential signalling with respect to relatively small skew-time values.
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Fig. 6: (a) External noise-voltage ratio vs. frequency for different trace positions and
(b) influence of trace position for different driver skew time.

5 CONCLUSION

The distribution of high-speed signals on printed circuit board by means of differential sig-
nalling has advantageous properties with respect to signal integrity and radiated emission.
Nevertheless, radiation may become comparable to conventional single trace routing when the
differential trace pair is placed near the edge of a reference plane. This is found even for per-
fectly balanced currents. The study was extended to include also other effects, such a small
imbalances originating from non-ideal differential drivers and unbalanced impedance termina-
tion which are always present in reality. The influence of termination imbalance on the exter-
nal voltage ratio is found to be relatively small for practical impedance tolerances, while the
skew time has a much stronger effect. Therefore, in order to obtain the maximum benefit from
differential signalling, the skew time of the driver has to be small with respect to the time pe-
riod of the signal and traces should be routed far away from the edge of the PCB.
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