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Appendix A Chi-square test as a randomness indicator

Figure A1 shows the result of a chi-square test performed to evaluate the randomness of the quaternary random numbers

from Q-TRNG. Since there are no standardized parameters established for assessing the randomness of multinary sequences,

the chi-square test can be an alternative method for estimating the degree of correlation among the digits of the quaternary

random numbers. Notably, several tests in the NIST SP 800-22-such as the block frequency test and the run test-utilize

statistical methods are based on the chi-square distribution to evaluate the randomness of binary sequences. In Figure A1,

the area between the MIN and MAX boundaries (0.1 ⩽ p-value ⩽ 1) represents the range in which the data set is considered

random. The post-processed quaternary random numbers generated by the Q-TRNG yield a p-value of 0.4027, indicating

low correlation among digits and thus a high degree of randomness.

Figure A1 Chi-square test result of quaternary random numbers from Q-TRNG.
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Appendix B Random bit generation rate and energy consumption

Figure B1 shows the results of additional experiments to evaluate the random bit generation rate and energy consumption

of the gated p+–i–n+ diode. For the high-speed operation, the diode was connected with a 50 Ω series resistor. The gated

p+–i–n+ diode exhibited a random bit generation rate of 2 Mb/s by generating one random bit per 500 ns. For the random

bit ‘1’ (‘0’), the IOUT was 0.1 mA (0.015 mA) at a supply voltage of 1.4 V for 500 ns, and thereby the energy consumptions

of the random bit ‘1’ and ‘0’ were 70 and 10.5 pJ/bit, respectively. In the standby mode, there is no energy consumption,

as VIN is 0 V. Therefore, the average energy consumption was 40.25 pJ/bit.

Figure B1 Random characteristic of B-TRNG with a pulse width of 500 ns.




	Chi-square test as a randomness indicator
	Random bit generation rate and energy consumption
	Experimental set-up for Q-TRNG operations
	Calculation procedure for the min-entropy using MCV estimator

