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I NTROD 0 CTI ON 
Until recently, suppression of 
electrical noise has primarily 
been the concern of systems 
engineers. However, as device 
operating/switching speeds 
increase well into the mega- 
hertz range, electromagnetic 
compatibility (EMC) has become 
a growing concern for IC manu- 
facturers and vendors. Shield- 
ing, strategic layout of printed 
circuit boards (PCBs), and use 
of noise filters are often em- 
ployed at the system level to 
suppress noise. This article 
discusses several complemen- 
tary metal oxide semiconduc- 
tor techniques used to mini- 
mize conducted and radiated 
emissions at the IC level. 
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crocontroller, for example, ev- 
ery edge of the clock causes 
thousands of internal transis- 
tors to switch states. In addi- 
tion, output transistors, which 
source and sink high current, 
may also switch. This large 

rate of change of current, or d, / 
d„, results in spikes in the V„ 
and ground bus. 

Figure 2 shows a CMOS output 
driving a capacitive load and 
Figure 3 shows a simplified 
equivalent circuit which takes 
the package lead inductance 
into account. L is the induc- 

P 
tance of the power lead(s), L is 
the inductance of the ground 
lead(s), and L. is the induc- 
tance of the output lead. Typi- 
cally, L, L, and L are 3 to 20 
nH. 

Figure 4 assumes that C„, ~ is 
fully charged, the p-channel 

NOISE IN ICs 
For a system containing a mi- 
croprocessor or microcontroller, 
peripheral devices, and high 
speed logic, the EMI level can 
be anywhere from acceptable to. 
extremely high. Certain appli- 
cations can tolerate high levels 
of EMI while others, such as 
consumer and automotive 
applications, cannot. In EMI 
sensitive systems, the need for 
noise filters and shielding can 
be reduced if EMI inherent to 
the ICs is minimized. 
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GROUND NOISE 
DUE TO 
SWITCHING OF 
TRANSISTORS 

FIGURE 1. Switchfng Noise on Power and Ground Uncs. 
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The most common forms of 
noise, conducted or radiated, 
in a high speed digital circuit 
are the voltage spikes on the 
power and ground lines. Any 
static outputs which are at V« 
or pound will also exhibit these 
spikes. This noise usually 
occurs at harmonics of the clock 
frequency (Figure I). In a mi- 
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FIGURE 2. CMOS Output Driving a Capacitive load. 
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FIGURE 8. CMOS Output Including the Lead Inductances. 
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lines) increase. 

In the case of radiated noise 
from a signal such as an ad- 
dress or data line, the band- 
width of the radiated EMI de- 
pends on the transition time of 
the signal. The bandwidth 
reduces as the transition time 
increases. This means that fast 
switching output drivers can 
result in radiated EMI that 
covers a large span of the fre- 
quency spectrum. The energy 
level of the noise spectrum 
increases as the voltage swing 
increases. For example, one 
output of a microcontroller 
switching between 0 and 5 V 
would produce EMI with field 
strength less than an open drain 
output of the same microcon- 
troller switching between 0 and 
15V. If traces on the PCB or the 
leads of the IC package are the 
appropriate length, they can 
function as efficient antennas, 
thereby increasing the field 
strength of the radiated EMI. 
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transistor has just switched off, 
and the n-channel transistor is 
beginning to turn on. As C] 
begins discharging, the current 
through L starts to change. 
This d, /d, induces a voltage 
across L (Equation. 1) which 
causes the chip's internal 
ground reference to deviate Irom 
the board's ground reference. 
Any of the device's static out- 
puts which are in the low state 
will also show this ground 
bounce. This may subsequently 
cause false triggering to other 
devices. In addition, the ground 

bounce may result in the mal- 
function of the device itself since 
all inputs to the device are ref- 
erenced to the chip's ground 
which is now varying. Noise on 
the V«bus occurs due to simi- 
lar reasons. 

V = -L cj, /d, 

The amount of ground bounce, 
and hence the strength of the 
radiated/conducted emissions, 
increases as the number of 
simultaneously switching out- 
puts (such as address and data 

FIGURE 4. N-Channel is On: P-Channel ts Og 

Suppression of radiated noise 
is particularly important in 
applications which involve 
transmission/reception of data 
by radio waves. Examples are 
television, radio, and cellular 
telephones. In some cases, the 
application may pass the FCC 
emission tests but radiated 
emissions may still be high 
enough to cause application 
specific problems such as sen- 
sitivity loss in cellular tele- 
phones. 

The two sources of noise for a 
high-speed device (a microcon- 
troller for example), that have 
been considered so far are: 

1. Switching noise on the 
power and ground lines due 
to a large rate of change of 
current (d, /d, ). This noise 
is conducted and radiated. 

2. Outputs with fast edges ra- 
diated by a conductor act- 
ing as an antenna. 
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NOISE REDUCTION 
METHODS 
Noise levels can be minimized 
by reducing any inductances 
that output signals encounter, 
and by reducing the rate of 
change of current (d, /d, ) in a 
device. 

REDUC INC INDUCTANCES 
To minimize voltage spikes on 
the V«and ground lines, sev- 
eral precautions can be taken. 
Equation (1) demonstrates that 
if the V«and ground lead in- 
ductances are reduced, the 
voltage spikes will be reduced 
proportionately. Figure 5 shows 
a 24-pin lead frame and the 
inductance associated with each 
pin. The shoxter the lead length, 
the less the inductance. There- 
fore, it is preferable to use the 
pins with the shorter leads for 
V«, ground, and high speed 
outputs. To fuxther reduce the 
V«and ground inductances, 
additional V«and ground pins 
could be introduced. 

For ICs such as bus drivers and 
octal latches, where outputs of 
one device feed the inputs of 
the next device in a daisy chain 
configuration, all inputs should 
be on one side of the device and 
the outputs on the other (Fig- 
ure 6). This minimizes PCB 
trace lengths, thereby reducing 
inductance. 

26 

24 

20 

18 

16 z 
C 

14 

V 
Z 

10 

8 
C3 
Z 6 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

PIN NUMBER 

4 21 

9 19 

9 DIE 19 

9 

9 9 

10 

11 14 

FlGURE 5. Lead Frame 1nductance for a 24 P1N DIP 

PRINTED CIRCUIT BOARD TRACES 

REDUCINC THE CURRENT RATE 
OF CHANCE (DIII'D 

Another method of reducing 
noise on the V«and ground 
lines is to limit d, /d, . This can 
be done by either reducing I 
(that is, the current sunk or 
sourced by an output) and/or 
increasing the time taken to 
reach the peak value of I. This 
can be achieved by the follow- 
ing techniques: 
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Reducing the Size of Output 13. an- 
ststors. The current, I, may be 
reduced by increasing the on- 
resistance of the output tran- 
sistors. FIgure 4 illustrates that 
the RC time constant would 

DATA FLOW 

ITGURE 6. Pinout Allows Minimum PCB Trace Lengths. 
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N-CHANNEL 
TRANSISTOR 
WITH THREE 
SEGMENTS 

tured an option to use one, two, 
or all three segments of output 
drivers. For high speed, high 
source/sink current applica- 
tions, all three segments would 
be selected. For noise sensitive 
applications, only one segment 
would be selected. This selec- 
tionmaybe made at the time of 
fabrication by having a mask 
option, or, for more versatility, 
it may be register-program- 
mable. 

MASK OPTION 
OR REGISTER- 

PROGRAMMABLE 

Vss 

N-CHANNEL 
TRANSISTOR 
WITH TWO 
SEGMENTS 

If the pre-driver of an output is 
slowed, the transistor switch- 
ing speed is reduced. This 
permits slower edge rates and 
reduced d, /d, without compro- 
mising current handling capa- 
bility. 

Vss 

PVGURE 7. Programmable Output TI ansistor (N-Channel Shown). 

DISTRIBUTED RESISTANCE OF POLYSILICON 

N-CHANNEL 

TRANSISTOR 
WITH ONE 
SEGMENT 

An interesting note is that if 
transistor sizing is cut down 
and the pre-driver is slowed, 
the output slew rate will not be 
as low as expected. This is 
because cutting down transis- 
tor sizing causes . the gate ca- 
pacitance, Cgs, to decrease. This 
means the pre-driver is now' 

driving a smaller capacitive load 
and will turn on faster. This 
oQsets the effect of slowing down 
the pre-driver response time. 

~ ~ ~ ~ 
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increase and C, d would charge 
arid discharge at a slower rate. 
The slew rates of output tran- 
sistors would also be reduced, 
as shown by Equation (2). This 
means that the bandwidth of 
radiated emissions would be 
reduced. 

I=Cd /d, (2) 

This solution may not work in all 
cases since the current han- 
dling capability of output tran- 
sistors is somewhat sacrificed. 
Figure 7 shows a typical CMOS 
output with three segments. A 
certain amount of versatility 
would be added to a micropro- 
cessor/microcontroller if it fea- 

EIGURE 8. N-Channel of Dfstrtbuted T1 anststor. 

An output transistor with three 
segments is now considered. 
The worst case d, /d, arLes when 
all three segments are turned 
on simultaneously. If only the 
first segment were switched on, 
the current surge would peak 
to a relatively lesser value, and 
then subside. At this time, the 
second segment could be turned 
on and finally, the third one. 
This staggering would restrict 
noise by distributing d, /d, over 
several stages. The larger 
number of stages, the less d, /d, 
is. If the output transistor is 
divided into many stages or 
subtransistors, and each stage 
is sequentially turned on, it is 
known as graded turn-on. Fig- 
ure 8 shows the equivalent cir- 
cuit of a distributed transistor 
(only the n-channel is shown). ' 
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The RC network of each sub- 
transistor must charge up be- 
fore the next subtransistor can 
turn on. In other words, the RC 
time constant determines the 
activation delay between con- 
secutive stages. The physical 
representation of the distrib- 
uted transistor is shown in 
Figure 9'a, which shows the 
conventional transistor where 
all the segments receive the gate 
signal simultaneously. The 
resistors shown in Figure 9b 
are actually the distributed 
resistance of the polysilicon. GATE 

INPUT 

SOURCE 

The problem with graded turn- 
on is that the turn-off is also 
slow. For example, if the n- 
channel is turning on and the 
p-channel is turning off, the 
graded switching will cause both 
transistors to be partially on for 
quite some time. During this 
time, a direct path between V« 
and ground will result in the 
device having a high power 
dissipation. To comb'at this, 
the turn-off must be fast and 
not graded. Figure 10 shows 
how this is done. The original 
signal to the distributed tran- 
sistor is inverted and then used 
to control the turn-off transis- 
tors. 

DRAIN 

N-DIFFUSION 

POLYSILICON 

FIGURE 9a. Serpentine Gate Layout (N-Channel ShownJ. 
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GATE 

STAGCERED OUTPUTS 
On 8, 16, and 32 bit buses, 
simultaneous switching can be 
avoided by staggering the out- 
puts (Figure 11). The output 
enable signals for the drivers 
are staggered by adding a buffe 
delay between consecutive 
outputs. Notably, adding de- 
lays introduces a settling time, 
T. , 'after which the data is valid. 
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POLYSILICON 
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CONTACT 

CLOCK/OSCILLATOR NOISE 
In the case of microprocessors/ 
microcontrollers, much of the 
radiated noise is from the clock 
circuitry. . Even if the clock sig- 
nal does not appear at a pin, a 
considerable amount of clock 
harmonics may radiate irom the 
oscillator circuit area. To pre- 

vent this, the oscillator gain 
should not be unnecessarily 
high. To ensure oscillator start- 
up, a high gain circuit could be 
used which cuts out once the 
oscillator is stable. 

CRITICAL I3EVICE 
SPEC IF ICATIONS 
For EMI sensitive applications, 
the AC/DC product speciQca- 
tions are the most critical fac- 
tors to consider when selecting 

FIGURE 9b. Conventional Gate Layout (N-Channel ShotanL 
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a part. Many systems will 
malfunction with injected EMI 
noise. In other applications 
with analog signals the perform- 
ance can be greatly degraded. 
Many factors should be consid- 
ered: 

0 t OO 

~ Output port drive capabil- 
ity and speed (d /d, ) should 
fit the application. This 
means that if the load is 
small, the port should be 
prevented from switching to 
fast. 

~ss 

Vss 

~ The number of outputs 
which can switch simulta- 
neously at any given time is 
a concern. EMI is cumula- 
tive; the more pins switch- 
ing at the same time, the 
more energy they will radi- 
ate. Outputs that can switch 
at the same time, like 8 or 
16 bit ports, should be "stag- 
gered, " switching with small 
delays between each other. 

ADDITIONAL TRANSISTORS FOR FAST TURN-OFF 

OE 

OUTPUT 
DRIVER 

DO 
DO 

OE 
DI 

D1 

FIGURE 10. Gradual Turn-on, Fast Turn-off (N-Channel Shown). 

~ Repetitive switching out- 
puts, such as pulse width 
modulators, timer outputs, 
serial data communication 
ports, and keyboard scan- 
ning ports, should be se- 
lected in light of the appli- 
cation. Here it is critical 
that the frequency used or 
its harmonics do not inter- 
fere with the system. For 
example, in audio applicar 
tions the target would be 
above 25 kHz; in RF sys- 
tems the switching should 
be done in the lowest pos- 
sible frequency range. 

~ Generally, microcontrollers 
or digital circuitry is rela- 
tively insensitive to exter- 
nal EMI injection, but in 
noisy environments like 
automotive applications, 
noise susceptibility is also 
of importance. Features like 
watch dogs, oscillator moni- 
tors and other protection 
circuits are rapidly becom- 
ing very desirable. 

BUFFERS 

OE 
D2 

D2 

OUTPUT 
ENABLE 

OE Dn 
Dn 

~ On-chip oscillators are large 
contributors to the EMI of a 
part. The frequency of the 
oscillator is usually deter- 
mined by some critical path 
in the software, for real time 
control. Therefore, if it is 
critical that the part is very 
efficient executing code, it 
needs an efficient pipeline, 
short powerful instructions 
and a register oriented archi- 
tecture. In this way, the 
oscillator frequency can be 

kept low but still achieve a 
high throughput. 

Maintaining a sine wave os- 
cillation with no clipping is 
important to reduce the har- 
monics associated with this. 
A careful matching of oscil- 
lator crystal and capacitors 
is the key here. 

Continued on page 48 

FIGURE 11. Staggered Outputs and Settling Time, Ts. 
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IC DESIGN TECHNIQUES. . . Continued from page 45 

~ Other good indicators for 
the EMI performance of a 
part are operating current, 
maximum device frequency 
and minimum operating 
voltage. These all indicate 
how fast the device is switch- 
ing internally. This switch- 
ing can contribute to the 
EMI through the ground and 
power pins of the device. 
Thus, using a 20-MHz part 
when 2 MHz is plenty or 
using 5 V power when the 
part can work at 3 V is not 
recommended. 

CONCLUSION 
Low noise parts clearly give the 
system designer an edge to of- 
fer a better product at an over- 
all lower cost and in a shorter 
time frame. Clearly, EMC is not 
just the system designer's prob- 
lem; but is becoming everyone' s 
concern and should be ad- 
dressed from logic design 
through processing, packaging, 
board and system design. 
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Let Hewlett-Packard 
teach you how to 
solve your toughest 
EMI design problems. 
Announcing a two-day EMC design course 
for circuit and packaging design engineers! 

Attend our EMC course to gain a solid 
understanding of EMI problems, where 
they occur, and design approaches to fix 
and avoid them. 

For more information or to register for the 
HP 11949A Designing for EMC Course, call 
the HP Education Center registrar at 
1-800-HP-CLASS**. 
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HP 11949A EMC Education Center 
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1-800-HP-CLASSa a 

Tuition Cost 

$750. 00 
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subject to change. 
Contact HP for more 
course information 
alltl locauons. 

~ Outside of the United 
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