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The propagation delay of a gate is, a function of its fan-in and fan-out. Fan-out gates present an increased load
(mostly capacitive) to the driving gate and slow its performance. The increased complexity of a gate due to a
large fan-in also has a negative influence on the performance. When comparing the performance of gates in
different technologies, it is important not to confuse the picture by including second-order parameters such as
fan-in and fan-out. It is therefore useful to find a uniform way of measuring the tp of a gate, so that technologies
can be judged on an equal footing. The de-facto standard circuit for delay measurement is the ring oscillator,
which consists of an odd number of inverters connected in a circular chain (Figure 3.11). Due to the odd number
of inversions, this circuit does not have a stable operating point and oscillates.

1 The 50% definition is inspired the assumption that the switching threshold VM is typically located in the middle of
the logic swing.
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The period T of the oscillation is determined by the propagation time of a signal transition through the complete
chain, or T = 2 x tp x N with N the number of inverters in the chain. The factor 2 results from the observation
that a full cycle requires both a low-to-high and a high-to-low transition. Note that this equation is only valid for
2Ntp >> tf + tr If this condition is not met, the circuit might not oscillate—one "wave" of signals propagating
through the ring will overlap with a successor and eventually dampen the oscillation. Typically, a ring oscillator
needs a least five stages to be operational.
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Fiaure 3.11 Ring oscillator circuit for propagation-delay measurement.
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We must be extremely careful with results obtained from ring oscillator measurements. A tp of 100 psec by no
means implies that a circuit built with those gates will operate at 10 GHz. The oscillator results are primarily
useful for quantifying the differences between various manufacturing technologies and gate topologies. The
oscillator is an idealized circuit where each gate has a fan-in and fan-out of exactly one and parasitic loads are
minimal. In more realistic digital circuits, fan-ins and fan-outs are higher, and interconnect delays are non-
negligible. The gate functionality is also substantially more complex than a simple invert operation. As a result,
the achievable clock frequency on average is 50 to a 100 times slower than the frequency predicted from ring
oscillator measurements. This is an average observation; carefully optimized designs might approach the ideal
frequency more closely.

Example 3.3 Propagation Delay of First-Order RC Network

Digital circuits are often modeled as first-order RC networks of the type shown in Figure 3.12. The propagation
delay of such a network is thus of considerable interest.
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we-must be extremely careful with results obtained from ring oscillator measure-
mertig. A £, of 100 psec by no means implies that a circuit built with those gates will oper-
ate at GH? The oscillator results are primarily useful for quantifying the differences
between various manufacturing technologies and gate topologies. The oscillator is an ide-
alized circuit w each gate has a fan-in and fan-out of exactly one and parasitic loads
are minimal. In mo istic digital circuits, fan-ins and fan-outs are higher, and inter-
connect delays are non-negligible. The gate functionality is also substantialy more com-
plex than a simple invert operation. As a result, the achievable clock frequency on average
is 50 to a 100 times slower than the frequency predicted from ring oscillator measure-
ments. This is an average observation; carefully optimized designs might approach the
ideal frequency more closely.

Example 3.3 Propagation Delay of First-Order RC Network

Digital circuits are often modeled as first-order RC networks of the type shown in Fi gure 3 12.
The propagation delay of such a network is thus of considerable interest.
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