BY EDISON FONG - NATIONAL SEMICONDUCTOR

PCB-layout techniques
for gigasample ADCs

WHEN A MULTILAYER BOARD OPERATES AT SPEEDS GREATER THAN A FEW HUNDRED
MEGAHERTZ, IT'S A CHALLENGE TO MAINTAIN SIGNALS WITHOUT MISMATCHES,
LOSSES, DISTORTION, OR EMI. FOLLOW THESE GUIDELINES FOR PCB LAYOUT

TO PRESERVE SIGNAL INTEGRITY AND ACHIEVE HIGH-SPEED PERFORMANCE.

s a general rule, when a design’s speed rises to

more than a few hundred megahertz, it requires

a PCB (printed-circuit board) with four or more

layers. The only exception occurs when the de-

sign uses small boards; in that case, a two-layer

board may be acceptable. Developers typically
perform these designs on evaluation boards for baluns, chip
capacitors, resistors, and other small components.

Any board using a BGA (ball-grid array) with hundreds
of pins can use no fewer than eight layers and typically us-
es more than 10 layers. The number of pins on the package
of the largest chip on the board of-
ten determines the number of lay-
ers on a board. For example, Nation-
al Semiconductor’s (www.national.
com) ADC10D1000 reference board
comes in a 300-pin BGA package;
the Xilinx (www.xilinx.com) Vir-
tex-4 FPGA on the board is a 668-
pin BGA. This arrangement requires
at least an eight-layer board for a de-
signer to gain access to all the pins.
Given this constraint, you must also
explore what other advantages the
situation brings to the board design.
It is no accident that you can achieve
10-bit performance with a 3-GH:z
sample rate on a board having mul-
tiple microwave signals, high-speed
FPGAs, switching power supplies,
and low-noise analog lines.

Nelco NP4000-6 epoxy from Park
Electrochemical Corp (www.park
electro.com) is a good material
choice for designs requiring low loss
and high durability. This material
has a similar dielectric constant to
that of conventional FR (fire-retar-
dant)-4 board material, but Nelco
4000 provides better high-frequen-
cy performance. Another advantage
of Nelco 4000 material is that you
can use it for all layers, not just the

Teflon. The ADC10D1000 uses a 10-layer board. Nation-
al Semiconductor also fabricated an identical board in FR-
4 material, and, in some ways, this approach is better if the
application can tolerate signal losses. Because of the higher
loss tangent of FR-4, matching is less critical, providing for
a better S, | reflection coefficient because FR-4 absorbs much
of the signal that would cause reflections in the transmission
line. However, lines in these designs should be no longer than
3 in. The difference between Nelco and FR-4 is negligible for
the digital interface to the FPGA because the frequencies are
lower than 2 GHz.

Figure 1 This stackup report gives the dimensions for matched impedance for both surface

top and bottom layers as with other (microstrip) and embedded (stripline) transmission lines (courtesy DDI).

microwave-PCB dielectrics, such as
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Before beginning any layout, you must obtain the stack-
up data from the PCB manufacturer because the data gives
the dimensions for matched impedance for both surface (mi-
crostrip) and embedded (stripline) transmission lines. Figure
1 shows stackup data from DDI (www.ddiglobal.com). Oth-
er manufacturers offer similar data. Matched lines are criti-
cal for high-frequency signals. Ideally, you want coaxial ca-
ble, but this choice is not economical except for the most
critical applications, such as military, high-end commercial,
or aerospace equipment. The cost is typically prohibitive in
consumer applications, so with multilayer PCBs, stripline or
microstrip rather than expensive miniature coaxial cable is
your best option.

Impedance is constant in coaxial cable because the sur-
rounding ground shield is at a constant distance from the cen-
ter conductor. This situation translates to a constant velocity
factor and thus uniform speed of the wave traveling inside the
coaxial cable. The coaxial cable presents the best impedance
match to a signal. If multiple signal lines are close together
on a PCB with limited space, you should use ultrathin coax-
ial cables, such as 50Q) SRC023, with an outside diameter of
23 mils, for high-performance transmission and isolation. You
layer this coaxial cable on the surface of the PCB. Again, us-
ing this cable for consumer applications is cost-prohibitive,
and this technique finds use primarily in satellite and military
applications in which dozens of high-frequency signals must
transmit in a small space.

If using coaxial cable is impractical, one possible choice is
the use of a microstrip (Reference 1). The basic principle of
this technique is that you use the horizontal trace contribut-
ing to the inductance and the trace above the ground plane
to calculate the square root of the inductance divided by the
capacitance. A given width for a given thickness yields an im-
pedance. In coaxial cable, the wave travels with 100% uni-
form surroundings; the outer-shield conductor is at a constant
distance from the center conductor. You cannot duplicate this
topology on a PCB microstrip.

Microstrip improves on using just a “random” trace but is far
from ideal. Even if you precisely calculate the trace width and
precisely consider the trace’s height from the ground plane,
it does not even approach a perfect match. The intuitive ex-
planation, without introducing Maxwell’s field equations, is
that the dielectric below the trace is thicker than air. The di-
electric above the trace is air. Take, for example, FR-4, with
a dielectric constant of approximately four. The wave travel-
ing in the dielectric travels at approximately half the speed of
that in air. Thus, microstrips cannot work over long distances.
The signal above the trace travels at twice the speed of that in
the dielectric. However, sometimes you have no other choice;
for runs of less than a quarter-wavelength, using microstrip is
a viable alternative. For long runs, the mismatch dominates,
so you cannot use microstrip. There are times when you can-
not avoid using microstrip, such as when you must connect an
SMA connector, when your design requires surface test points,
or when the design has only a two-layer PCB.

Another improvement is the use of balanced differential
lines over the ground plane. Two lines have equal and oppo-
site currents, ideally canceling the external field. This cancel-
lation makes this type of transmission line less dependent on
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Figure 2 In a side view (a) and a perspective view (b) of the dif-
ferential microstrip line, the ground plane is only partially respon-
sible for the matching. Most of the matching depends on the
conjugate line.
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Figure 3 Conventional single-ended stripline in a side view
(a) and a perspective view (b), although an improvement over
microstrip, is still not ideal.
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Figure 4 Differential stripline offers good matching and excellent
EMI shielding in both a side view (a) and a perspective view (b).

the ground planes than a single-conductor microstrip would
be. However, the differential lines lack the enclosure of co-
axial cable. In a differential microstrip, the ground plane is
only partially responsible for the matching (Figure 2). Most of
the matching depends on the conjugate line. This technique
is still vulnerable to both radiating and receiving interference



signals. On a two-layer PCB, it is the
best choice other than using rigid coax-
ial cable. It does require almost twice as
much area, however.

The solution to the microstrip issue is
to use striplines sandwiched between two
planes (Figure 3). This approach allows
for a uniform dielectric around the trans-
mission line. However, it still does not
provide uniform return ground for the
conductor. It does not have coaxial ca-
ble’s major advantage—that the ground
shield surrounds the signal line by 360°.
In the case of the stripline, only the top
and bottom provide for the ground re-
turn. Another advantage of using strip-
lines is that they have shielding from
the outside world, preventing not only
interference but also unnecessary radi-
ating signals. The match, although bet-
ter, does not rival the performance of co-
axial cable. As in the case of microstrip,
differential lines improve performance
at the expense of occupying more space
(Figure 4).

The ADCIODI000 uses impedance-
matched differential stripline with equal
and opposite currents on each line. The
matching depends on the thickness of
the dielectric, the dielectric constant of
the material, and the spacing and thick-
ness of the balanced line. You obtain all
of this information from the PCB manu-
facturer. Using this approach and em-
bedding the stripline between two pow-
er-supply or ground planes makes the
EMI (electromagnetic interference) too
small to measure.

The entire system on the ADC-
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Figure 7 Using an Agilent Technologies network analyzer, you can
achieve better than —10-dB return loss at frequencies as high as

3 GHz.

Figure 5 You must immediately bring
together the positive and negative input-
voltage signals to conform to the 100()
balanced transmission line.

Figure 6 The general rule is to keep the bal-
anced transmission line intact as long as
possible to maintain matching. You must re-
move the green ground layer underneath the
SMA landing pad, Layer 2, because it would
form a large capacitor with the landing pad.
This board has no conducting material under
the SMA landing pad until Layer 7. Layer 7
must be an ac ground for proper impedance
matching.

100Q)
STRIPLINE

10D1000 reference board is fully differ-
ential, taking advantage of not only the
chip’s CMR (common-mode rejection)
but also the matching of impedances
from the outside world to the input of
the chip. The drawback of this approach
is that it almost doubles complexity. The
thermal noise increases in quadrature
due to the increase in total active com-
ponents, and power consumption in-
creases accordingly. You would be lucky
to retrieve even 6 bits in a 1G-sample,
single-ended architecture.

Early in the design cycle of the ADC-
10D1000, its designers determined that
the input interface would be as simple
as possible, placing any baluns, amplifi-
ers, and relays outside the board. They
also used no relays or unnecessary traces
because all these components would de-
grade the performance of the board. The
following general approach achieves
good matching and provides for the
broadest bandwidth with minimal EMI.
From the input pins of the ADC, im-
mediately place vias and move down
at least one layer for the transmission
line. In the case of the ADCI10D1000,
designers chose Layer 3 as the transmis-
sion line. This layer forms the heart of
the stripline transmission line, with lay-
ers 2 and 4 as the ac ground, shielding
the signal from outside interference. Be-
cause it is a balanced stripline, it main-

tains its impedance for longer distances
than does an open, single-trace, unbal-
anced surface transmission line.

You must immediately bring togeth-
er the positive and negative input-
voltage signals to conform to the 1000}
balanced transmission line (Figure 5).
This step is critical for good perform-
ance. At the SMA-connector end,
the via comes back up to the surface
layer. The general rule is to keep the

balanced transmission line intact as long as possible to main-
tain matching (Figure 6). Another major rule, which design-
ers often overlook, is the impedance matching of the SMA
connector to the PCB. Although the SMA connector
itself is matched to 50Q), the landing pad on the PCB
for the SMA connector is not. Unless you make special
provisions, the performance of the board deteriorates at fre-
quencies greater than 1 GHz. With the SMA connectors that
the ADC10D1000 reference design uses, the SMA landing
pad is about four times wider than a 50€) trace. For a 50Q)
match, the associated ground plane is Layer 7. You must re-
move the metal on layers 2 through 6.

Using these layout rules, you can achieve superb broadband
matching. Using an Agilent Technologies (www.agilent.com)
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Figure 8 The S, of the input match with a 100() termination
resistor without removing layers 2 through 6 works at frequen-
cies as high as 1.5 GHz.

8753D network analyzer, you can achieve better than —10-
dB return loss at frequencies as high as 3 GHz (Figure 7).
Figure 8 shows the S|, of the input match with a 1000} ter-
mination resistor without removing layers 2 through 6. The
matching works at frequencies as high as 1.5 GHz. Figure 9
shows the same layout with the removal of layers 2 through
6. It is a dramatic improvement and is usable at frequencies
as high as 3 GHz. Figure 10 shows the input match with the
ADCI10D1000 in place. The worst-case return loss is better
than —12 dB at 100 MHz to 3 GHz.

The exact amount of ground plane to remove from layers 2
through 6 is a subject of debate. Layers 2 through 6 contrib-
ute to the impedance of the landing pad even if you remove
them. Not all of the fields from the SMA landing pad termi-
nate on Layer 7; some terminate on layers 2 through 6. A 2-D
field-solver program can solve many of the details and deter-
mine clearance. If a field-solver program is unavailable, you
can get this data for SMA landing pads from any reputable
PCB vendor. The vendor should be able to provide this infor-
mation for the exact dimensions for its process. If neither of
these options is available, clear each layer—Ilayers 2 through
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Figure 9 With layers 2 through 6 blank under the SMA landing
pad, this layout is a dramatic improvement and is usable at
frequencies as high as 3 GHz.

6, for example—by three to five widths of the stripline con-
ductor (Figure 11).EbN
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Figure 10 With the ADC10D1000 in place, the worst-case return loss is better than —12 dB at 100 MHz to 3 GHz.

SMA LANDING PAD Figure 11 The exact amount of ground plane

LAYER 1 I ToP to remove from layers 2 through 6 is a subject

of debate. If a field-solver program or data
GROUND 1 OPENING from the PCB vendor is unavailable, clear each
layer with three to five widths of the stripline
conductor.
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