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�Y�D�U�L �D�V�S�H�W�W�L �G�D�O�O�D �V�L�P�X�O�D�]�L�R�Q�H �D�O�O�D �U�H�D�O�L�]�]�D�]�L�R�Q�H �G�H�O �O�D�\�R�X�W �H �D�O�O�H �V�L�P�X�O�D�]�L�R�Q�L �S�R�V�W���O�D�\�R�X�W��

�2�J�Q�L �I�D�V�H �K�D �P�H�V�V�R �L�Q �H�Y�L�G�H�Q�]�D �O�H �V�I�L�G�H �H �O�H �V�R�O�X�]�L�R�Q�L �W�H�F�Q�L�F�K�H �O�H�J�D�W�H �D �T�X�H�V�W�R �D�P�S�O�L�I�L�F�D�W�R�U�H��

�F�R�Q �S�D�U�W�L�F�R�O�D�U�H �D�W�W�H�Q�]�L�R�Q�H �D�O�O�D �F�R�Q�I�L�J�X�U�D�]�L�R�Q�H �G�L �0�L�O�O�H�U�� �F�K�H �P�L�J�O�L�R�U�D �O�D �U�L�V�S�R�V�W�D �L�Q �I�U�H�T�X�H�Q�]�D �H

�O�D �V�W�D�E�L�O�L�W�j �G�H�O �F�L�U�F�X�L�W�R��

�4�X�H�V�W�D �W�H�V�L �U�L�I�O�H�W�W�H �L�O �P�L�R �S�H�U�F�R�U�V�R �G�L �D�S�S�U�H�Q�G�L�P�H�Q�W�R�� �D�Q�D�O�L�]�]�D�Q�G�R �O�H �V�F�H�O�W�H �S�U�R�J�H�W�W�X�D�O�L �H �L�O �O�R�U�R

�L�P�S�D�W�W�R �V�X�O�O�H �S�U�H�V�W�D�]�L�R�Q�L �I�L�Q�D�O�L �G�H�O�O�¶�D�P�S�O�L�I�L�F�D�W�R�U�H�� �/�¶�D�P�S�O�L�I�L�F�D�W�R�U�H �D �W�U�D�Q�V�F�R�Q�G�X�W�W�D�Q�]�D �G�L �0�L�O��

�O�H�U �V�L �U�L�Y�H�O�D �T�X�L�Q�G�L �X�Q �H�O�H�P�H�Q�W�R �H�V�V�H�Q�]�L�D�O�H �Q�H�L �F�L�U�F�X�L�W�L �H�O�H�W�W�U�R�Q�L�F�L�� �U�D�S�S�U�H�V�H�Q�W�D�Q�G�R �X�Q�¶�L�P�S�R�U�W�D�Q�W�H

�D�U�H�D �G�L �V�W�X�G�L�R �H �D�S�S�O�L�F�D�]�L�R�Q�H �Q�H�O�O�¶�L�Q�J�H�J�Q�H�U�L�D �H�O�H�W�W�U�R�Q�L�F�D��

��



��





�q �D�O�L�P�H�Q�W�D�W�R �G�D �X�Q�D �F�R�U�U�H�Q�W�H �G�L �U�L�I�H�U�L�P�H�Q�W�RI REF �F�K�H �S�X�z �H�V�V�H�U�H �J�H�Q�H�U�D�W�D �D�O�O�¶�L�Q�W�H�U�Q�R �R �D�Q�F�K�H

�H�V�W�H�U�Q�R �D�O �F�K�L�S ���F�R�P�H �Q�H�O �Q�R�V�W�U�R �F�D�V�R���� �/�R �V�W�D�G�L�R �G�¶�L�Q�J�U�H�V�V�R �q �I�R�U�Q�D�W�R �G�D�O�O�D �F�R�S�S�L�D �G�L�I�I�H�U�H�Q�]�L�D�O�H

�0�� �H �0���� �F�K�H �S�U�H�V�H�Q�W�D �X�Q �F�D�U�L�F�R �D�W�W�L�Y�R �F�R�V�W�L�W�X�L�W�R �G�D�O�O�R �V�S�H�F�F�K�L�R �G�L �F�R�U�U�H�Q�W�H �0�����0���� �4�X�H�V�W�R

�S�U�L�P�R �V�W�D�G�L�R �H�V�H�J�X�H �O�D �F�R�Q�Y�H�U�V�L�R�Q�H �G�H�O �V�H�J�Q�D�O�H �G�¶�L�Q�J�U�H�V�V�R �G�D �G�L�I�I�H�U�H�Q�]�L�D�O�H �D �V�L�Q�J�O�H���H�Q�G�H�G�� �,�O �V�H��

�F�R�Q�G�R �V�W�D�G�L�R �q �X�Q �D�P�S�O�L�I�L�F�D�W�R�U�H �D �V�R�X�U�F�H �F�R�P�X�Q�H �I�R�U�P�D�W�R �G�D �0�� �F�R�Q �X�Q �F�D�U�L�F�R �D�W�W�L�Y�R �F�R�V�W�L�W�X�L�W�R

�G�D �0���� �4�X�H�V�W�R �V�W�D�G�L�R �q �O�D �S�D�U�W�H �F�H�Q�W�U�D�O�H �G�H�O �F�L�U�F�X�L�W�R �L�Q �F�X�L �Y�L�H�Q�H �H�I�I�H�W�W�X�D�W�D �O�D �F�R�P�S�H�Q�V�D�]�L�R�Q�H

�L�Q �I�U�H�T�X�H�Q�]�D �G�H�O�O�¶�D�P�S�O�L�I�L�F�D�W�R�U�H�� �/�D �F�D�S�D�F�L�W�jCC // CGD 6 �� �Y�L�V�W�D �D�O�O�¶�L�Q�J�U�H�V�V�R �G�H�O �V�H�F�R�Q�G�R �V�W�D�G�L�R��

�L�Q�W�H�U�D�J�L�V�F�H �F�R�Q �O�D �U�H�V�L�V�W�H�Q�]�D �W�R�W�D�O�H �L�Q�W�U�R�G�X�F�H�Q�G�R �X�Q �S�R�O�R �G�R�P�L�Q�D�W�H�� �F�R�V�L�F�F�K�p �L�O �P�R�G�X�O�R �G�H�O �J�X�D��

�G�D�J�Q�R �D�G �D�Q�H�O�O�R �D�S�H�U�W�R �S�U�H�V�H�Q�W�L �X�Q�D �S�H�Q�G�H�Q�]�D �G�L� 20dB
dec �I�L�Q�R �D0dB�� �4�X�L�Q�G�L �O�D �F�D�S�D�F�L�W�j �G�L

�F�R�P�S�H�Q�V�D�]�L�R�Q�HCC ���Q�H�O�O�R �V�F�K�H�P�D �q �S�U�H�V�H�Q�W�H �D�Q�F�K�H �X�Q�D �U�H�V�L�V�W�H�Q�]�DR �L�Q �V�H�U�L�H �DCC �� �L�O �V�X�R �V�F�R�S�R

�Y�H�U�U�j �G�L�V�F�X�V�V�R �L�Q �V�H�J�X�L�W�R���� �W�U�D �O�¶�X�V�F�L�W�D �H �O�¶�L�Q�J�U�H�V�V�R �G�H�O �V�H�F�R�Q�G�R �V�W�D�G�L�R�� �F�L �J�D�U�D�Q�W�L�V�F�H �O�D �V�W�D�E�L�O�L�W�j

�G�H�O�O�¶�D�P�S�O�L�I�L�F�D�W�R�U�H �T�X�D�Q�G�R �X�V�D�W�R �L�Q �F�R�Q�I�L�J�X�U�D�]�L�R�Q�H �F�R�Q �U�H�W�U�R�D�]�L�R�Q�H �Q�H�J�D�W�L�Y�D��

������ �6�S�H�F�F�K�L�R �G�L �F�R�U�U�H�Q�W�H �D �S�0�2�6

�1�H�O�O�¶�H�O�H�W�W�U�R�Q�L�F�D �D�Q�D�O�R�J�L�F�D �L�Q�W�H�J�U�D�W�D �J�O�L �V�S�H�F�F�K�L �G�L �F�R�U�U�H�Q�W�H �K�D�Q�Q�R �X�Q �U�X�R�O�R �H�V�V�H�Q�]�L�D�O�H�� �/�D �O�R��

�U�R �F�D�S�D�F�L�W�j �G�L �I�R�U�Q�L�U�H �X�Q �F�R�Q�W�U�R�O�O�R �S�U�H�F�L�V�R �G�H�O�O�D �F�R�U�U�H�Q�W�H �L�Q�G�L�S�H�Q�G�H�Q�W�H�P�H�Q�W�H �G�D�O�O�H �Y�D�U�L�D�]�L�R�Q�L �G�L

�W�H�Q�V�L�R�Q�L �H �G�D�O�O�H �F�R�Q�G�L�]�L�R�Q�L �R�S�H�U�D�W�L�Y�H �G�H�O �F�L�U�F�X�L�W�R�� �V�R�Q�R �F�D�U�D�W�W�H�U�L�V�W�L�F�K�H �I�R�Q�G�D�P�H�Q�W�D�O�L �Q�H�O�O�D �S�U�R�J�H�W��

�W�D�]�L�R�Q�H �G�L �F�L�U�F�X�L�W�L �L�Q�W�H�J�U�D�W�L�� �4�X�H�V�W�L �G�L�V�S�R�V�L�W�L�Y�L �S�H�U�P�H�W�W�R�Q�R �G�L �L�V�R�O�D�U�H �H�I�I�L�F�D�F�H�P�H�Q�W�H �L �Y�D�U�L �V�W�D�G�L

�G�L �D�P�S�O�L�I�L�F�D�]�L�R�Q�H ���Q�H�O �F�D�V�R �G�L �X�Q �D�P�S�O�L�I�L�F�D�W�R�U�H���� �U�L�G�X�F�H�Q�G�R �F�R�V�u �L�Q�W�H�U�I�H�U�H�Q�]�H �H �D�X�P�H�Q�W�D�Q�G�R �O�D

�V�W�D�E�L�O�L�W�j �G�H�O �S�X�Q�W�R �R�S�H�U�D�W�L�Y�R �G�H�L �V�L�Q�J�R�O�L �W�U�D�Q�V�L�V�W�R�U�� �/�D �O�R�U�R �L�P�S�O�H�P�H�Q�W�D�]�L�R�Q�H �V�H�P�S�O�L�I�L�F�D �L�O �G�H�V�L�J�Q��

�U�L�G�X�F�H�Q�G�R �L�O �Q�X�P�H�U�R �G�L �F�R�P�S�R�Q�H�Q�W�L �Q�H�F�H�V�V�D�U�L �H �F�R�Q�V�H�Q�W�H�Q�G�R �X�Q�D �P�D�J�J�L�R�U�H �L�Q�W�H�J�U�D�]�L�R�Q�H �L�Q �F�K�L�S��

�/�D �F�R�U�U�H�Q�W�HI REF �� �J�H�Q�H�U�D�W�D �H�V�W�H�U�Q�D�P�H�Q�W�H �D�O �F�K�L�S �R �G�D �X�Q �F�L�U�F�X�L�W�R �D�S�S�R�V�L�W�R �L�Q�W�H�U�Q�R�� �q �P�R�O�W�R �V�W�D��

�E�L�O�H �H �S�U�H�F�L�V�D�� �*�O�L �V�S�H�F�F�K�L �G�L �F�R�U�U�H�Q�W�H �S�H�U�P�H�W�W�R�Q�R �G�L �U�H�S�O�L�F�D�U�H �T�X�H�V�W�D �F�R�U�U�H�Q�W�H �L�Q �G�L�Y�H�U�V�L �S�D�U�W�L �G�H�O

�F�L�U�F�X�L�W�R �V�H�Q�]�D �G�R�Y�H�U �U�L�S�H�W�H�U�H �O�D �J�H�Q�H�U�D�]�L�R�Q�H �G�LI REF �S�H�U �R�J�Q�L �V�W�D�G�L�R �G�L �D�P�S�O�L�I�L�F�D�]�L�R�Q�H��

�3�R�L�F�K�q �L �J�D�W�H �G�H�L �0�2�6�)�(�7 �Q�R�Q �D�V�V�R�U�E�R�Q�R �F�R�U�U�H�Q�W�H�� �W�X�W�W�D �O�D �F�R�U�U�H�Q�W�HI REF �I�O�X�L�V�F�H �Q�H�O �G�U�D�L�Q �G�L

�0���� �V�L �R�V�V�H�U�Y�L �F�K�HVGS8 = VDS 8 �� �F�L�z �L�P�S�O�L�F�D �F�K�H �0�� �O�D�Y�R�U�D �L�Q �V�D�W�X�U�D�]�L�R�Q�H ��jVDS j � j VGS � Vt j����

�T�X�L�Q�G�L ���W�U�D�V�F�X�U�D�Q�G�R �O�¶�H�I�I�H�W�W�R �G�L �F�D�Q�D�O�H �F�R�U�W�R����

I D 8 =
1
2

k0
p

�
W
L

�

8

(VGS8 � Vtp )2 = I REF ����������

�G�R�Y�H �6�L �Q�R�W�L �F�K�HVGS8 = VGS5 = VGS7 �H �D�V�V�X�P�H�Q�G�R �F�K�H �D�Q�F�K�H �0�� �H �0�� �R�S�H�U�L�Q�R �L�Q �V�D�W�X�U�D�]�L�R�Q�H

���W�U�D�V�F�X�U�D�Q�G�R �O�¶�H�I�I�H�W�W�R �G�L �F�D�Q�D�O�H �F�R�U�W�R����

I D 5 =
1
2

k0
p

�
W
L

�

5

(VGS5 � Vtp )2 ����������

��







�W�U�D�Q�V�L�V�W�R�U �0�� �H �0����

I D 1 = I D 2 =
I D 5

2
����������

I D 1 = � I D 3 = � I D 4 = I D 2 ����������

�&�R�Q�V�L�G�H�U�D�Q�G�R �T�X�H�V�W�R �O�R �V�W�D�W�R �G�L �H�T�X�L�O�L�E�U�L�R�� �O�D �F�R�P�S�R�Q�H�W�H �'�& �G�H�O�O�D �F�R�U�U�H�Q�W�H �G�¶�X�V�F�L�W�D�� �F�K�H �D�Q�G�U�H�E��

�E�H �Y�H�U�V�R �L�O �F�D�U�L�F�R �R �Y�H�U�V�R �O�R �V�W�D�G�L�R �G�L �D�P�S�O�L�I�L�F�D�]�L�R�Q�H �V�X�F�H�V�V�L�Y�R�� �U�L�V�X�O�W�D �Q�X�O�O�D �S�R�L�F�K�q �O�D �F�R�U�U�H�Q�W�H

�H�Q�W�U�D�Q�W�H �Q�H�O �G�U�D�L�Q �G�L �0�� �H �T�X�H�O�O�D �H�Q�W�U�D�Q�W�H �Q�H�O �G�U�D�L�Q �G�L �0�� �V�L �E�L�O�D�Q�F�L�D�Q�R�� �/�D �W�H�Q�V�L�R�Q�H �V�X�O �Q�R�G�R

�G�¶�X�V�F�L�W�D �V�D�U�jVO = VSS + VGS3 �� �6�H �L�O �V�H�J�Q�D�O�H �G�L �L�Q�S�X�W �q �G�L �W�L�S�R �G�L�I�I�U�H�Q�]�L�D�O�H ���W�U�D�V�F�X�U�D�Q�G�R �O�¶�H�I��

�I�H�W�W�R �G�L �F�D�Q�D�O�H �F�R�U�W�R�� �D�Y�U�H�P�R �X�Q�DVG1 = + vid /2 �HVG2 = � vid /2 �� �Q�H �F�R�Q�V�H�J�X�H �F�K�H �O�D �F�R�U�U�H�Q�W�H

iD 1 = gm 1vgs1 = gm 1vid /2 �P�H�Q�W�U�HiD 2 = gm 2vgs2 = � gm 1vid /2 �� �H�V�V�H�Q�G�R �0�� � �0���� �D�O�O�R�U�D

gm 1 = gm 2 �H �T�X�L�Q�G�Li = iD 1 = � iD 2�� �3�H�U �F�R�V�W�U�X�]�L�R�Q�HiD 1 = � iD 3 = � iD 4�� �H �T�X�L�Q�G�L �O�D �F�R�U�U�H�Q�W�H

�G�¶�X�V�F�L�W�Di out = � iD 2 � iD 4 = 2i ��

�3�R�V�V�L�D�P�R �Q�R�W�D�U�H �F�R�P�H �T�X�H�V�W�D �F�R�Q�I�L�J�X�U�D�]�L�R�Q�H �G�L �V�W�D�G�L�R �G�¶�L�Q�J�U�H�V�V�R �S�R�V�V�L�H�G�D �O�D �F�D�U�D�W�W�H�U�L�V�W�L�F�D �G�L

�´�F�D�Q�F�H�O�O�D�U�H�´ �O�D �F�R�P�S�R�Q�H�Q�W�H �F�R�Q�W�L�Q�X�D ���R �G�L �P�R�G�R �F�R�P�X�Q�H�� �H �G�L �U�D�G�G�R�S�S�L�D�U�H �T�X�H�O�O�D �G�L �P�R�G�R

�G�L�I�I�H�U�H�Q�]�L�D�O�H��

�*�X�D�G�D�J�Q�R �G�L �P�R�G�R �G�L�I�I�H�U�H�Q�]�L�D�O�H�&�R�Q�V�L�G�H�U�D�Q�G�R �R�U�D �O�H �U�H�V�L�V�W�H�Q�]�Hro �G�H�L �0�2�6�)�(�7�� �S�R�V�V�L�D�P�R

�U�L�F�D�Y�D�U�F�L �L�O �J�X�D�G�D�Q�R �G�L �P�R�G�R �G�L�I�I�H�U�H�Q�]�L�D�O�H �G�H�O �S�U�L�P�R �V�W�D�G�L�R �G�H�O�O�¶�2�7�$�� �6�D�U�j �V�X�I�I�L�F�L�H�Q�W�H �U�L�F�D�Y�D�U�F�L��

�G�D�O�O�H �U�H�O�H�D�W�L�Y�H �G�H�I�L�Q�L�]�L�R�Q�L�� �S�U�L�P�D �O�D �W�U�D�Q�V�F�R�Q�G�X�W�W�D�Q�]�DGm �H �S�R�L �O�D �U�H�V�L�V�W�H�Q�]�D �G�¶�X�V�F�L�W�DRout ��

Gm =
i out

vid

�
�
�
�
vout =0

= gm 2 ����������

Rout =
vout

i out

�
�
�
�
vid =0

= ro2// ro4 ������������

�4�X�L�Q�G�L �L�O �J�X�D�G�D�J�Q�R �G�L �P�R�G�R �G�L�I�I�H�U�H�Q�]�L�D�O�H

Avd1 = � Gm � Rout = � gm 2 � (ro2// ro4) ������������

������ �$�P�S�O�L�I�L�F�D�W�R�U�H �D �V�R�X�U�F�H �F�R�P�X�Q�H

�,�O �V�H�F�R�Q�G�R �V�W�D�G�L�R �G�H�O�O�¶�2�7�$ �G�L �0�L�O�O�H�U �q �F�R�P�S�R�V�W�R �G�D �X�Q �D�P�S�O�L�I�L�F�D�W�R�U�H �D �V�R�X�U�F�H �F�R�P�X�Q�H�� �0����

�F�R�Q �X�Q �F�D�U�L�F�R �D�W�W�L�Y�R�� �0���� �0�� �I�X�Q�J�H �G�D �J�H�Q�H�U�D�W�R�U�H �G�L �F�R�U�U�H�Q�W�H �U�H�D�O�H�� �T�X�L�Q�G�L �S�R�V�V�L�H�G�H �X�Q�D �V�X�D

�U�H�V�L�V�W�H�Q�]�D �G�¶�X�V�F�L�W�D �I�L�Q�L�W�D��ro7�� �2�V�V�H�U�Y�D�Q�G�R �L�O �P�R�G�H�O�O�R �D�L �S�L�F�F�R�O�L �V�H�J�Q�D�O�L �O�DRout = ro6// ro7 �H

�T�X�L�Q�G�L �L�O �J�X�D�G�D�J�Q�R

Avd2 = � gm 6 � (ro6// ro7) ������������

��







�(�V�L�V�W�H �X�Q�R �]�H�U�R��gm 6 � sCC = 0 () ! z = gm 6/ CC �F�R�Q! z = 2�f z

�(�V�L�V�W�R�Q�R �G�X�H �S�R�O�L��! p1 �H ! p2 �� �L�O �G�H�Q�R�P�L�Q�D�W�R�U�HD(s) �G�H�O�O�D �)�'�7 �S�R�V�V�L�D�P�R �V�F�U�L�Y�H�U�O�R

�F�R�P�H��

D(s) =
�

1 +
s

! p1

��
1 +

s
! p2

�
= 1 + s

�
1

! p1
+

1
! p2

�
+

s2

! p1! p2
������������

�$�V�V�X�P�H�Q�G�R �X�Q �S�R�O�R �G�R�P�L�Q�D�Q�W�H�� �D�G �H�V�H�P�S�L�R! p1 �H �T�X�L�Q�G�L! p1 � ! p2 �� �S�R�V�V�L�D�P�R �V�F�U�L�Y�H�U�H

D(s) � 1 +
s

! p1
+

s2

! p1! p2
������������

�1�H�O �Q�R�V�W�U�R �F�D�V�R �L�O �S�R�O�R �G�R�P�L�Q�D�Q�W�H �U�L�V�X�O�W�D �H�V�V�H�U�H �S�U�R�S�U�L�R! p1��

! p1 =
1

R1
�
C1 + CC (1 + gm6R2)

�
+ R2(C2 + CC )

������������

�,�Q �J�H�Q�H�U�H��R1 � R2�� C1 � CC �HC1 � gm6R2 �Q�H �F�R�Q�V�H�J�X�H

! p1 �
1

R1CCgm6 R2
������������

�3�H�U �W�U�R�Y�D�U�H! p2 �H�J�X�D�J�O�L�D�P�R �L�O �G�H�Q�R�P�L�Q�D�W�R�U�H �G�L ������������ �D�O�O�¶�H�T�X�D�]�L�R�Q�H ������������ �H �V�R�V�W�L�W�X�L�D�P�R �L�O �Y�D�O�R�U�H

�G�L! p1��

! p2 =
gm6CC

C1C2 + CC (C1 + c2)
������������

�(�V�V�H�Q�G�RCL 2 C2 �H �P�R�O�W�R �H�O�H�Y�D�W�D �U�L�V�S�H�W�W�R �D�O�O�H �F�D�S�D�F�L�W�j �L�Q�W�H�U�Q�H �G�H�O �0�2�6�)�(�7�� �S�R�V�V�L�D�P�R �G�L�U�H

�D�I�I�H�U�P�D�U�H �F�K�HC1 � C2 �H �V�H�J�X�H�Q�G�R �O�R �V�W�H�V�V�R �U�D�J�L�R�Q�D�P�H�Q�W�R �I�D�W�W�R �S�H�U �L�O �S�R�O�R �G�R�P�L�Q�D�Q�W�HC1 � CC ��

�D�O�O�R�U�D

! p2 �
gm6

C2
������������

�3�H�U �V�R�G�G�L�V�I�D�U�H �O�D �F�R�Q�G�L�]�L�R�Q�H �G�L �V�W�D�E�L�O�L�W�j �S�H�U �O�¶�R�S�H�U�D�]�L�R�Q�D�O�H �U�H�W�U�R�D�]�L�R�Q�D�W�R �Q�H�J�D�W�L�Y�D�P�H�Q�W�H�� �T�X�L�Q�G�L

�D�Y�H�U�H �X�Q �J�X�D�G�D�J�Q�R �X�Q�L�I�R�U�P�H �G�L� 20 dB/ dec�I�L�Q�R �D0 dB�� �L�O �Y�D�O�R�U�H �G�LCC �G�H�Y�H �H�V�V�H�U�H �W�D�O�H �F�K�H

! p1 � Av(0) �U�L�V�X�O�W�L �S�D�U�L �D�O�O�D �G�L �J�X�D�G�D�J�Q�R �X�Q�L�W�D�U�L�Rf t �F�R�Q! t = 2�f t ��

! t = ! p1 � gm2R1gm6R2 �
gm2

CC
������������

�,�Q�R�O�W�U�H �G�H�Y�H �V�R�G�G�L�V�I�D�U�H �O�H �F�R�Q�G�L�]�L�R�Q�L��! t < ! z = gm6/ CC �H! t < ! p2 � gm6/ C2��

����



�0�D�U�J�L�Q�H �G�L �I�D�V�H�3�H�U �J�D�U�D�Q�W�L�U�H �O�D �V�W�D�E�L�O�L�W�j �G�H�O�O�¶�D�P�S�O�L�I�L�F�D�W�R�U�H �Q�H�O�O�D �F�R�Q�I�L�J�X�U�D�]�L�R�Q�H �G�L�F�O�R�V�H �O�R�R�S

�H�G �H�Y�L�W�D�U�H �F�K�H �F�L �V�L�D�Q�R �R�V�F�L�O�O�D�]�L�R�Q�L �R �Q�H�O �F�D�V�R �G�L �X�Q�D �U�L�V�S�R�V�W�D �W�U�D�Q�V�L�W�R�U�L�D �F�K�H �Q�R�Q �F�L �V�L�D�Q�R �R�Y�H�U�V�K�R�R�W

�H �U�L�Q�J�L�Q�J�� �q �Q�H�F�H�V�V�D�U�L�R �D�Y�H�U�H �X�Q �P�D�U�J�L�Q�H �G�L �I�D�V�H �D�G�H�J�X�D�W�R�� �(�V�V�H�Q�G�R �S�H�U �F�R�V�W�U�X�]�L�R�Q�H! p1 � ! t <

! p2�� �O�D �I�D�V�H6 Av(j! t ) > 90� �� �G�R�E�E�L�D�P�R �J�D�U�D�Q�W�L�U�H �F�K�H6 Av(j! t ) < 180� �� �6�L�D�Q�R

6 Av(j! p2) = � arctan
�

f t

f p2

�
�H 6 Av(j! z) = � arctan

�
f t

f z

�
������������

�4�X�L�Q�G�L

6 Av(j! t ) = 90 � + arctan
�

f t

f p2

�
+ arctan

�
f t

f z

�
������������

�H �L�O �P�D�U�J�L�Q�H �G�L �I�D�V�H

� = 180� � 6 Av(j! t ) = 90 � � arctan
�

f t

f p2

�
� arctan

�
f t

f z

�
������������

�7�U�D�W�W�D�]�L�R�Q�H �G�H�O�O�D �U�H�V�L�V�W�H�Q�]�DR �L�Q �V�H�U�L�H �D�O�O�D �F�D�S�D�F�L�W�j �G�L �F�R�P�S�H�Q�V�D�]�L�R�Q�HCC �� �&�R�P�H �S�R�V�V�L�D�P�R

�Q�R�W�D�U�H �G�D �������������� �O�R �]�H�U�R ���H�V�V�H�Q�G�R �L�Q�V�W�D�E�L�O�H�� �D�J�J�L�X�Q�J�H �X�Q �U�L�W�D�U�G�R �G�L �I�D�V�H �D�G�G�L�]�L�R�Q�D�O�H�� �$�J�J�L�X�Q��

�J�H�Q�R �O�D �U�H�V�L�V�W�H�Q�]�DR �L�Q �V�H�U�L�H �DCC �� �V�L �S�X�z �V�S�R�V�W�D�U�H �I�D�F�L�O�P�H�Q�W�H �O�R �]�H�U�R �L�Q �P�R�G�R �W�D�O�H �F�K�H �D�E�E�L�D

�P�H�Q�R �H�I�I�H�W�W�R �V�X�O �Q�R�G�R �G�¶�X�V�F�L�W�D�� �6�R�V�W�L�W�X�H�Q�G�R �Q�H�O�O�D �)�'�7 �W�U�R�Y�D�W�D �L�Q �S�U�H�F�H�G�H�Q�]�D �O�¶�L�P�S�H�G�H�Q�]�D �G�H�O�O�D

�F�R�P�S�H�Q�V�D�]�L�R�Q�H1/( sCC ) �F�R�Q �O�¶�L�P�S�H�G�H�Q�]�D �G�H�O�O�DCC �V�H�U�L�HR�� �F�L�R�qR + 1/( sCC ) �q �I�D�F�L�O�H �W�U�R�Y�D�U�H

�O�¶�L�Q�I�X�H�Q�]�D �G�H�O�O�D �U�H�V�L�V�W�H�Q�]�D �V�X�O�O�R �]�H�U�R�� �6�L �U�L�F�D�Y�D �F�K�H

sRCCgm6 + gm6 � sCc = 0 ������������

�H �T�X�L�Q�G�L

s = j! z =
1

CC

�
1

gm 6
� R

� ������������

�H �Q�R�W�L�D�P�R �F�K�H �S�H�UR = 1/ gm6 ; s ! 1

����



����



�&�D�S�L�W�R�O�R ��

�3�U�R�J�H�W�W�D�]�L�R�Q�H

�/�¶�D�P�S�O�L�I�L�F�D�W�R�U�H �R�S�H�U�D�]�L�R�Q�D�O�H �G�L �W�U�D�V�F�R�Q�G�X�W�W�D�Q�]�D �G�L �0�L�O�O�H�U �q �V�W�D�W�R �S�U�R�J�H�W�W�D�W�R �U�L�V�S�H�W�W�D�Q�G�R �O�H

�V�H�J�X�H�Q�W�L �V�S�H�F�L�I�L�F�K�H��

�‡ �J�X�D�G�D�J�Q�R �G�L �W�H�Q�V�L�R�Q�HAvd > 34dB �D�G �D�Q�H�O�O�R �D�S�H�U�W�R��

�‡ �F�R�Q�V�X�P�R �G�L �F�R�U�U�H�Q�W�H< 1 mA ��

�‡ �F�D�S�D�F�L�W�j �G�L �F�D�U�L�F�RCL = 3 pF ��

�‡ �P�D�V�V�L�P�L�]�]�D�]�L�R�Q�H �G�H�O�O�D �E�D�Q�G�D �L�Q �F�R�Q�I�L�J�X�U�D�]�L�R�Q�H �G�L �E�X�I�I�H�U �D �J�X�D�G�D�Q�R �X�Q�L�W�D�U�L�R��

�3�H�U �U�L�V�S�H�W�W�D�U�H �T�X�H�V�W�H �V�S�H�F�L�I�L�F�K�H �q �Q�H�F�H�V�V�D�U�L�R �F�R�Q�R�V�F�H�U�H �L �S�D�U�D�P�H�W�U�L �G�H�O�O�D �W�H�F�Q�R�O�R�J�L�D �&�0�2�6

�L�P�S�L�H�J�D�W�D�� �Q�H�O �Q�R�V�W�U�R �F�D�V�R �q �V�W�D�W�D �X�W�L�O�L�]�]�D�W�D �O�D �8�0�& �������Q�P�� �F�R�Q �L �V�H�J�X�H�Q�W�L �S�D�U�D�P�H�W�U�L��

�‡ �W�H�Q�V�L�R�Q�H �G�L �D�O�L�P�H�Q�W�D�]�L�R�Q�H �S�D�U�L �DVDD = 1:2 V

�‡ �O�X�Q�J�K�H�]�]�D �P�L�Q�L�P�D �G�L �F�D�Q�D�O�H �G�H�L �G�L�V�S�R�V�L�W�L�Y�L �qLmin = 120 nm

�,�O �P�R�G�H�O�O�R �S�H�U �L �F�D�O�F�R�O�L �P�D�Q�X�D�O�L �Y�D�O�L�G�R �L�Q �V�D�W�X�U�D�]�L�R�Q�H��

I D =
1
2

k0W
L

V 2
OV

1 + �VOV
; �F�R�Q� � � 0 +

� 1

L
����������

Cgs =
2
3

CoxWL + CGS0 W ; Cgd = CGD 0 W ; Cdb = Cjd W ����������

ro =
�L
I D

����������

����























�,�Q �)�L�J�������� �Q�R�W�L�D�P�R �F�R�P�H �O�H �L�Q�W�H�U�F�R�Q�Q�H�V�L�R�Q�L �L�Q �0�� ���0�H�W�D�O ���� �V�R�Q�R �V�W�D�W�H �X�W�L�O�L�]�]�D�W�H �S�H�U �I�D�U�H �V�R�Q�R

�F�R�O�O�H�J�D�P�H�Q�W�L �L�Q �Y�H�U�W�L�F�D�O�H�� �H�V�F�O�X�V�H �O�H �S�L�V�W�H �G�L �D�O�L�P�H�Q�W�D�]�L�R�Q�H ���9�G�G �H �9�V�V���� �P�H�Q�W�U�H �L�Q �0�� ���0�H�W�D�O

���� �F�L �V�R�Q�R �O�H �L�Q�W�H�U�F�R�Q�Q�H�V�L�R�Q�L �R�U�L�]�]�R�Q�W�D�O�L �H �L �S�L�Q �X�W�L�O�L �S�H�U �S�R�W�H�U�V�L �L�Q�W�H�U�I�D�F�F�L�D�U�H �F�R�Q �O�¶�H�V�W�H�U�Q�R�� �R

�H�Y�H�Q�W�X�D�O�P�H�Q�W�H �F�R�Q �D�O�W�U�H �F�H�O�O�H �S�U�H�V�H�Q�W�L �Q�H�O�O�¶�L�Q�W�H�J�U�D�W�R ���L�Q �F�D�V�R �T�X�H�V�W�D �F�H�O�O�D �Y�H�Q�J�D �X�W�L�O�L�]�]�D�W�D �L�Q �X�Q

�V�L�V�W�H�P�D �L�Q�W�H�J�U�D�W�R �S�L�• �F�R�P�S�O�H�V�V�R�� �F�R�V�W�L�W�X�L�W�R �G�D �S�L�• �F�H�O�O�H �L�Q�W�H�U�I�D�F�F�L�D�W�H �W�U�D �O�R�U�R����

������ �5�L�V�X�O�W�D�W�L �V�L�P�X�O�D�]�L�R�Q�L �S�R�V�W���O�D�\�R�X�W

�8�Q�D �Y�R�O�W�D �U�H�D�O�L�]�]�D�W�R �L�O �O�D�\�R�X�W �q �Q�H�F�H�V�V�D�U�L�R �F�R�Q�W�U�R�O�O�D�U�H �O�D �V�X�D �F�R�U�U�H�W�W�H�]�]�D �X�W�L�O�L�]�]�D�Q�G�R �O�H�G�H�V�L�J�Q

�U�X�O�H �F�K�H�F�N�� �Y�H�U�L�I�L�F�D�Q�R �F�K�H �O�H �U�H�J�R�O�H �G�L �O�D�\�R�X�W �G�H�O�O�D �W�H�F�Q�R�O�R�J�L�D �V�L�D�Q�R �U�L�V�S�H�W�W�D�W�H�� �H �L�O�O�D�\�R�X�W �Y�V

�V�F�K�H�P�D�W�L�F�� �Y�H�U�L�I�L�F�D �F�K�H �L�O �O�D�\�R�X�W �H �O�R �V�F�K�H�P�D�W�L�F�R �U�D�S�S�U�H�V�H�Q�W�L�Q�R �O�R �V�W�H�V�V�R �F�L�U�F�X�L�W�R��

�6�X�S�H�U�D�W�H �T�X�H�V�W�H �Y�H�U�L�I�L�F�K�H�� �q �S�R�V�V�L�E�L�O�H �H�V�W�U�D�U�U�H �L �S�D�U�D�V�V�L�W�L �L�Q�W�U�R�G�R�W�W�L �G�D�O �O�D�\�R�X�W �S�H�U �S�R�L �Y�H�U�L�I�L�F�D�U�H

�W�U�D�P�L�W�H �V�L�P�X�O�D�]�L�R�Q�L �F�R�P�H �V�L �F�R�P�S�R�U�W�H�U�j �L�O �F�L�U�F�X�L�W�R �I�L�V�L�F�R �U�H�D�O�L�]�]�D�W�R �V�X �V�L�O�L�F�L�R��

�&�R�Q�I�L�J�X�U�D�]�L�R�Q�H �G�L �R�S�H�Q���O�R�R�S���'�D�O�O�D �)�L�J�������� �R�V�V�H�U�Y�L�D�P�R �F�R�P�H �Q�R�Q �F�L �V�L�D�Q�R �J�U�R�V�V�H �G�L�I�I�H�U�H�Q�]�H

�G�D�O�O�H �V�L�P�X�O�D�]�L�R�Q�L �S�U�H���O�D�\�R�X�W�� �R�Y�Y�L�D�P�H�Q�W�H�� �O�D �E�D�Q�G�D �G�H�O�O�H �G�X�H �F�R�Q�I�L�J�X�U�D�]�L�R�Q�L �q �G�L�P�L�Q�X�L�W�D �O�H�J�J�H�U��

�P�H�Q�W�H�� �F�L�z �q �G�R�Y�X�W�R �D�O�O�D �S�U�H�V�H�Q�]�D �G�H�L �S�D�U�D�V�V�L�W�L�� �,�O �J�X�D�G�D�J�Q�R �L�Q �R�S�H�Q���O�R�R�S �q �D�X�P�H�Q�W�D�W�R �O�H�J�J�H�U��
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