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Number of | Sequential Total
computational| Toffoli Toffoli References
logical qubits gates gates
2N 40N* 40N* [35-37]
5N 600N? | O(N*log N) [38]
2N? 15N log” N |O(N*1log” N)|  [39]
O(N?) O(log® N) |O(N®log® N)|  [40]

TABLE 1. Trade-off between number of computational log-
ical qubits and number of sequential and total Toffoli gate
operations for factoring an N-bit number into its primes us-
ing Shor’s algorithm. Each line in the table corresponds to
a different quantum circuit implementing the algorithm. The
physical size of a circuit scales with the ratio of the total num-
ber of Toffoli gates to the number of sequential Toffoli gates.

We can make a rough estimate of the time and circuit
size needed to factor a number with N = 2,000 bits (600
decimal digits), using a circuit size scaling as in the first
line of Table I, and making assumptions about the physi-
cal qubit error rates and gate times; more details on this
estimate are provided in Appendix M.? This Shor’s algo-
rithm implementation is constructed from ideas in Ref.
[35-37], and involves a resource-intensive modular expo-
nentiation that requires approximately 40N ~ 3 x 10!
sequential Toffoli gates. The modular exponentiation
thus determines the total execution time for the factoring
algorithm. A highly optimized version of this circuit [41]
can complete each Toffoli gate in approximately three
physical qubit measurement cycles. If we assume a phys-
ical qubit measurement time of 100 ns, it will take about
26.7 hours to complete the exponentiation.
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