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This thesis is on the design of radio-frequency (RF) integrated front-end circuits
for next generation 5G communication systems. The demand for higher data rates
and lower latency in 5G networks can only be met using several new technologies
including, but not limited to, mm-waves, massive-MIMO, and full-duplex. Use of
mm-waves provides more bandwidth that is necessary for high data rates at the cost
of increased attenuation in air. Massive-MIMO arrays are required to compensate for
this increased path loss by providing beam steering and array gain. Furthermore, full
duplex operation is desirable for improved spectrum efficiency and reduced latency.
The difficulty of full duplex operation is the self-interference (SI) between transmit
(TX) and receive (RX) paths. Conventional methods to suppress this interference
utilize either bulky circulators, isolators, couplers or two separate antennas. These
methods are not suitable for fully-integrated full-duplex massive-MIMO arrays.

This thesis presents circuit and system level solutions to the issues summarized
above, in the form of SiGe integrated circuits for 5G applications at 26 GHz.

First, a full-duplex RF front-end architecture is proposed that is scalable to
massive-MIMO arrays. It is based on blind, RF self-interference cancellation that is
applicable to single/shared antenna front-ends. A high resolution RF vector modula-
tor is developed, which is the key building block that empowers the full-duplex front-
end architecture by achieving better than state-of-the-art 10-b monotonic phase con-
trol. This vector modulator is combined with linear-in-dB variable gain amplifiers
and attenuators to realize a precision self-interference cancellation circuitry. Fur-
ther, adaptive control of this SI canceler is made possible by including an on-chip
low-power IQ downconverter. It correlates copies of transmitted and received sig-
nals and provides baseband/dc outputs that can be used to adaptively control the
SI canceler. The solution comes at the cost of minimal additional circuitry, yet
significantly eases linearity requirements of critical receiver blocks at RF/IF such as
mixers and ADCs.

Second, to complement the proposed full-duplex front-end architecture and to
provide a more complete solution, high-performance beamformer ICs with 5-/6-
b phase and 3-/4-b amplitude control capabilities are designed. Single-channel,
separate transmitter and receiver beamformers are implemented targeting massive-
MIMO mode of operation, and their four-channel versions are developed for phased-
array communication systems. Better than state-of-the-art noise performance is
obtained in the RX beamformer channel, with a full-channel noise figure of 3.3 dB.
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Bu tez, yeni nesil 5G iletişim sistemleri için radyo frekansı (RF) entegre ön uç
devrelerinin tasarımı üzerinedir. 5G şebekelerinde yüksek veri oranları ve düşük
gecikme süreleri ancak milimetrik dalgalar, masif-MIMO ve tam dubleks vb. gibi
bir kaç yeni teknolojinin beraber kullanılması ile karşılanabilir. Milimetrik dal-
gaların kullanılması, havadaki zayıflama kayıplarını artırsa da, yüksek veri hızları
için gerekli olan daha fazla bant genişliğini sağlar. Artan yol kayıplarını telafi et-
mek için masif-MIMO dizileri, hüzme şekillendirmek ve dizi kazancı sağlamak için
kullanılır. Ayrıca, yüksek spekturum verimliliği ve düşük gecikme süresi için tam
dubleks sistemler istenmektedir. Tam dubleks sistemlerin güçlüğü ise iletim (TX)
ve alıcı (RX) arasındaki öz girişimdir (SI). Sirkülatörler, izolatörler, kuplörler veya
iki ayrı anten kullanımı bu etkileşimi bastırmak için kullanılan geleneksel yöntem-
lerdir. Ancak bu yöntemler tam-entegre tam dubleks masif-MIMO dizileri için uygun
değillerdir.

Bu tez, 26GHz’de 5G uygulamaları için yukarıda özetlenen sorunlar hakkında
SiGe teknolojisiyle devre ve sistem düzeyinde çözümler sunmaktadır.

İlk olarak, masif-MIMO dizileri için ölçeklenebilir bir tam-dubleks RF ön uç
mimarisi önerilmiştir. Tekli/paylaşımlı anten sistemleri özelinde, dışarıdan girdi
almaksızın RF özgirişim baskılamak üzerinedir. Bu amaçla, tam dubleks ön uç
mimarisini gerçeklemede kritik rolü olan yüksek çözünürlüklü bir RF vektör mod-
ülatörü geliştirilmiştir. Bu modulatör literatüden daha iyi olarak, 10-bit monotonik
faz kontrolü sağlamaıştır. Bu vektör modülatörü, hassas bir öz girişim engelleme de-
vresi gerçekleştirmek için dB-lineer değişken kazançlı yükselteçler ve zayıflatıcılarla
birleştirilmiştir. Dahası, özgirişim baskılayıcının uyarlanabilir kontrolü için, bir kır-
mık üstü düşük güçlü IQ aşağı dönüştürücüsü entegre devreye dahil edilmiştir. Bu
yapı, iletilen ve alınan sinyallerin kopyalarını korele eder ve uyarlamalı kontrol için
kullanılabilecek temel bant/dc çıkışları sağlar. Çözüm, asgari ek devre maliyetine
sahip olmakla birlikte, karıştırıcılar ve ADC’ler gibi RF/IF’deki kritik alıcı blokların
doğrusallık gereksinimlerini önemli ölçüde kolaylaştırmaktadır.

İkinci olarak, önerilen tam-dubleks ön uç mimarisini tamamlamak ve daha eksik-
siz bir çözüm sağlamak için, 5-/6-b faz ve 3-/4-b genlik kontrol yetenekleri olan yük-
sek performanslı hüzme şekillendirici entegre devreleri tasarlanmıştır. Tek kanallı
alıcı ve verici devreleri masif-MIMO uygulamaları için, dört kanallı alıcı ve verici
devreleri ise faz dizinli hüzme şekillendirme uygulamaları için geliştirilmiştir. Tekli
alıcı kanalında, literatürdeki tüm örneklerden daha iyi olarak, 3.3 dB’lik gürültü
seviyesi elde edilmiştir.
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�y�X�8 �/�" �b�i�2�T ���i�i�2�M�m���i�Q�` �+���M �B�/�2���H�H�v ���+�?�B�2�p�2 �k�8 �/�" �a�A �+���M�+�2�H�H���i�B�Q�M�X �h�Q ���+�?�B�2�p�2 �j�y

�/�" �a�A �+���M�+�2�H�H���i�B�Q�M�- �� �d�@�#�B�i �T�?���b�2 �b�?�B�7�i�2�` �U�k�X�3� �b�i�2�T�b�V ���M�/ �� �y�X�k�8 �/�" �b�i�2�T ���i�i�2�M�m���i�Q�`

���`�2 �`�2�[�m�B�`�2�/�- �`�2�b�m�H�i�B�M�; �B�M �j�R �/�" �a�A �+���M�+�2�H�H���i�B�Q�M�X �h�?�2 �+�Q�M�i�Q�m�`�b �Q�7 �a�A �+���M�+�2�H�H���i�B�Q�M �7�Q�`

�p���`�B�Q�m�b �T�?���b�2�f���K�T�H�B�i�m�/�2 �+�Q�M�i�`�Q�H �#�B�i �`�2�b�Q�H�m�i�B�Q�M�b ���`�2 �b�?�Q�r�M �B�M �6�B�;�X�j�X�j�X

�A�M �`�2���H�B�i�v�- �T�?���b�2�f���K�T�H�B�i�m�/�2 �+�Q�M�i�`�Q�H �#�H�Q�+�F�b �2�t�?�B�#�B�i �M�Q�M�B�/�2���H �#�2�?���p�B�Q�` �B�M �i�2�`�K�b �Q�7

�T�?���b�2�f���K�T�H�B�i�m�/�2 �b�i�2�T �b�B�x�2 �#�2�i�r�2�2�M �i�?�2�B�` �/�B�z�2�`�2�M�i �b�i���i�2�b�X �h�?�2�b�2 ���`�2 �Q�7�i�2�M �b�T�2�+�B�}�2�/

�#�v �i�?�2 �`�K�b �p���H�m�2 �Q�7 �i�?�2 �2�`�`�Q�`�- �7�Q�` �B�M�b�i���M�+�2 �7�Q�` �T�?���b�2�/ ���`�`���v �b�v�b�i�2�K�b�X �>�Q�r�2�p�2�`�- �?�2�`�2
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�6�B�;�m�`�2 �j�X�j�,�*�Q�M�i�Q�m�`�b �Q�7 �b�2�H�7�@�B�M�i�2�`�7�2�`�2�M�+�2 �+���M�+�2�H�H���i�B�Q�M �p�2�`�b�m�b ���K�T�H�B�i�m�/�2 �U�v�@���t�B�b�V
���M�/ �T�?���b�2 �U�t�@���t�B�b�V �+�Q�M�i�`�Q�H �`�2�b�Q�H�m�i�B�Q�M�X

�r�2 ���`�2 �B�M�i�2�`�2�b�i�2�/ �B�M �i�?�2 �r�Q�`�b�i �+���b�2 �a�A �+���M�+�2�H�H���i�B�Q�M �T�2�`�7�Q�`�K���M�+�2�X �>�2�M�+�2�- �`���i�?�2�` �i�?���M

�`�K�b �2�`�`�Q�`�b �r�2 ���`�2 �B�M�i�2�`�2�b�i�2�/ �B�M �i�?�2 �K���t�B�K�m�K �2�`�`�Q�` �#�2�i�r�2�2�M ���M�v ���/�D���+�2�M�i �b�i���i�2�b�X �h�Q

�K���F�2 �B�i �+�H�2���`�- �i�?�B�b �B�b ���M���H�Q�;�Q�m�b �i�Q �i�?�2 �K���t�B�K�m�K �.�L�G �U�/�B�z�2�`�2�M�i�B���H �M�Q�M�H�B�M�2���`�B�i�v�V �Q�7

���M ���.�* �U���M���H�Q�;�@�i�Q�@�/�B�;�B�i���H �+�Q�M�p�2�`�i�2�`�V�X �A�M �i�?�B�b �+�Q�M�i�2�t�i�- �i�?�2 �b�i�2�T �b�B�x�2�b �B�M �6�B�;�X�j�X�j�Q�`

�B�M �U�j�X�j�V �K�m�b�i �#�2 �m�M�/�2�`�b�i�Q�Q�/ �M�Q�i ���b �i�?�2 �M�Q�K�B�M���H �`�2�b�Q�H�m�i�B�Q�M �Q�7 �i�?�2 �T�?���b�2 �b�?�B�7�i�2�` �Q�`

���i�i�2�M�m���i�Q�`�- �#�m�i ���b �i�?�2 �K���t�B�K�m�K �b�i�2�T �b�B�x�2 �#�2�i�r�2�2�M �i�?�2�B�` ���/�D���+�2�M�i �b�i���i�2�b�X

�.�m�2 �i�Q �/�2�p�B�+�2 �K�B�b�K���i�+�?�2�b ���M�/ �T�`�Q�+�2�b�b �p���`�B���i�B�Q�M�b �B�i �B�b �T�`���+�i�B�+���H�H�v �B�K�T�Q�b�b�B�#�H�2 �i�Q

���+�?�B�2�p�2> �d�@�#�B�i �T�?���b�2 �b�?�B�7�i�2�`�b�X �>�Q�r�2�p�2�`�- �B�M �i�?�2 �+���b�2 �Q�7 ���/���T�i�B�p�2 �a�A �+���M�+�2�H�H���i�B�Q�M �B�i �B�b

�M�Q�i �M�2�+�2�b�b���`�v �i�Q �`�2���H�B�x�2 ���M ���+�+�m�`���i�2> �d�@�#�B�i �T�?���b�2 �b�?�B�7�i�2�`�X �h�?�2 �Q�M�H�v �`�2�[�m�B�`�2�K�2�M�i �B�b

�i�Q ���+�?�B�2�p�2 �� �r�Q�`�b�i �+���b�2 �T�?���b�2 �b�?�B�7�i �b�i�2�T �Q�7 �k�X�3� �X �A�M �Q�`�/�2�` �i�Q ���+�?�B�2�p�2 �i�?�B�b�- �i�?�B�b �r�Q�`�F

�m�i�B�H�B�x�2�b �� �R�y�@�#�B�i �A�Z �K�Q�/�m�H���i�Q�` ���b �i�?�2 �T�?���b�2 �b�?�B�7�i�2�` �T�Q�`�i�B�Q�M �Q�7 �i�?�2 �+���M�+�2�H�2�`�X

�h�?�2 �p�2�`�v �}�`�b�i �R�y�@�# �T�?���b�2 �b�?�B�7�i�2�` �i���`�;�2�i�B�M�; �/�m�T�H�2�t�B�M�; ���T�T�H�B�+���i�B�Q�M�b �r���b �/�2�K�Q�M�@

�b�i�`���i�2�/ �#�v ���K�B�`�F�?���M�x���/�2�?�- �#�m�i �B�i �Q�T�2�`���i�2�b ���i �H�Q�r �7�`�2�[�m�2�M�+�B�2�b �Q�7 �R�X�3�@�k�X�9 �:�>�x�- �B�i �r���b

�7���#�`�B�+���i�2�/ �B�M �� �+�Q�b�i�H�v �b�B�H�B�+�Q�M�@�Q�M�@�b���T�?�B�`�2 �U�a�P�a�V �T�`�Q�+�2�b�b�- ���M�/ �i�?�2 �/�B�2 �b�B�x�2 �B�b �p�2�`�v �H���`�;�2

���i �8�X�N�9 �K�K�k �(�3�y�)�X
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�j�X�R�X�k �_�s �G�B�M�2���`�B�i�v �_�2�[�m�B�`�2�K�2�M�i�b

�a�m�T�T�Q�b�2 �i�?�2 �B�M�T�m�i �b�B�;�M���H �Q�7 �i�?�2 �G�L�� �B�b �Q�7 �i�?�2 �7�Q�`�Kx(t) = A1 cos! 1t + A2 cos! 2t�X

�A�7 �i�?�2 �G�L�� �;���B�M �B�b �K�Q�/�2�H�2�/ ���b �� �i�?�B�`�/ �/�2�;�`�2�2 �T�Q�H�v�M�Q�K�B���H�-G(x) = ax + bx2 + cx3�-

�i�?�2 �Q�m�i�T�m�i �b�B�;�M���H �Q�7 �i�?�2 �G�L�� �+���M �#�2 �7�Q�m�M�/ ���b

y(t) = aA1 cos! 1t + aA2 cos! 2t

+
bA1

2
(1 + cos 2! 1t) +

bA2

2
(1 + cos 2! 2t) + A1A2

�
cos(! 1 + ! 2)t + cos(! 1 � ! 2)t

�

+ cA3
1

�
cos! 1t +

cos 3! 1t
2

�
+ cA3

2

�
cos! 2t +

cos 3! 2t
2

�

+ cA2
1A2

�
cos! 2t

2
+

cos(2! 1 + ! 2)t
4

+
cos(2! 1 � ! 2)t

4

�

+ cA1A2
2

�
cos! 1t

2
+

cos(2! 2 + ! 1)t
4

+
cos(2! 2 � ! 1)t

4

�
�U�j�X�9�V

�A�M �6�.�.�f�h�.�. �b�v�b�i�2�K�b �r�2 �b�m�T�T�Q�b�2 �i�?���i! 1 ���M�/! 2 ���`�2 �+�H�Q�b�2�H�v�@�b�T���+�2�/ ���M�/ �T�`�Q�+�2�2�/

�i�Q �/�2�}�M�2 �H�B�M�2���`�B�i�v �K�2�i�`�B�+�b �b�m�+�? �i�?�B�`�/�@�Q�`�/�2�` �B�M�i�2�`�+�2�T�i �T�Q�B�M�i�X �>�Q�r�2�p�2�`�- �B�M �i�?�2 �2�t�i�`�2�K�2�b

�Q�7 �7�m�H�H�@�/�m�T�H�2�t �+�Q�K�K�m�M�B�+���i�B�Q�M�b�- �i�?�2�v �+���M �#�2 �2�[�m���H �i�Q �2���+�? �Q�i�?�2�`�c �Q�M�2 �`�2�T�`�2�b�2�M�i�B�M�;

�i�?�2 �/�2�b�B�`�2�/ �`�2�+�2�B�p�2�/ �b�B�;�M���H ���M�/ �i�?�2 �Q�i�?�2�` �`�2�T�`�2�b�2�M�i�B�M�; �i�?�2 �m�M�r���M�i�2�/ �b�2�H�7�@�B�M�i�2�`�7�2�`�2�M�+�2

�7�`�Q�K �i�?�2 �i�`���M�b�K�B�i�i�2�`�X �6�Q�` �#�Q�i�? �+���b�2�b �r�2 ���`�2 �Q�M�H�v �B�M�i�2�`�2�b�i�2�/ �B�M �i�?�2 �b�B�;�M���H �+�Q�K�T�Q�M�2�M�i�b

�i�?���i ���`�2�M�2���`�i�?�2 �2�t�+�B�i���i�B�Q�M �7�`�2�[�m�2�M�+�B�2�b�X �>�2�M�+�2�- �M�2�;�H�2�+�i�B�M�; �i�?�2 �?�B�;�?�2�` ���M�/ �H�Q�r�2�`

�7�`�2�[�m�2�M�+�v �+�Q�K�T�Q�M�2�M�i�b ���M�/ �`�2���`�`���M�;�B�M�; �i�?�2 �i�2�`�K�b �r�2 �}�M�/ �i�?���i

y(t) = aA1 cos! 1t + aA2 cos! 2t + c
�

A3
1 +

A1A2

2

�
cos! 1t + c

�
A3

2 +
A2

1A2

2

�
cos! 2t

+
cA2

1A2

4
cos(2! 1 � ! 2)t +

cA1A2
2

4
cos(2! 2 � ! 1)t: �U�j�X�8�V

�h�?�2 �}�`�b�i �i�r�Q �i�2�`�K�b �B�M �U�j�X�8�V ���`�2 �i�?�2 ���K�T�H�B�}�2�/ �p�2�`�b�B�Q�M�b �Q�7 �i�?�2 �B�M�T�m�i �b�B�;�M���H�- ���ba > 1

�7�Q�` ���M ���K�T�H�B�}�2�`�X �h�?�2 �i�?�B�`�/ ���M�/ �7�Q�m�`�i�? �i�2�`�K�b �`�2�T�`�2�b�2�M�i �;���B�M �+�Q�K�T�`�2�b�b�B�Q�M ���i �?�B�;�?

�B�M�T�m�i �T�Q�r�2�`�b ���bc �B�b �M�2�;���i�B�p�2 �B�M �i�v�T�B�+���H �+�H���b�b�@�� ���K�T�H�B�}�2�`�b �U�i�?�2�v �/�Q �M�Q�i �2�t�?�B�#�B�i ���M�v

�;���B�M �2�t�T���M�b�B�Q�M ���i �?�B�;�? �B�M�T�m�i �T�Q�r�2�`�V�X �h�?�2 �H���b�i �i�r�Q �i�2�`�K�b ���`�2 �i�?�2 �B�M�i�2�`�@�K�Q�/�m�H���i�B�Q�M

�/�B�b�i�Q�`�i�B�Q�M �U�A�J�.�V �T�`�Q�/�m�+�i�b �i�?���i ���T�T�2���` �p�2�`�v �+�H�Q�b�2 �i�Q �i�?�2 �B�M�T�m�i �7�`�2�[�m�2�M�+�B�2�b�X

�A�M �i�?�2 �+�Q�M�i�2�t�i �Q�7 �7�m�H�H�@�/�m�T�H�2�t �+�Q�K�K�m�M�B�+���i�B�Q�M�b �r�2 �?���p�2! 1 = ! 2�X �a�m�T�T�Q�b�2 �i�?���i

A1 ���M�/A2 �`�2�T�`�2�b�2�M�i �i�?�2 ���K�T�H�B�i�m�/�2�b �Q�7 �i�?�2 �`�2�+�2�B�p�2�/ �b�B�;�M���H ���M�/ �i�?�2 �b�2�H�7�@�B�M�i�2�`�7�2�`�2�M�+�2

�k�e



�6�B�;�m�`�2 �j�X�9�,�G�B�M�2���`�B�i�v ���M���H�v�b�B�b �Q�7 �i�?�2 �`�2�+�2�B�p�2�`�X

�b�B�;�M���H�- �`�2�b�T�2�+�i�B�p�2�H�v�X �L�Q�i�2 �i�?���iA2 � A1 �7�Q�` ���H�K�Q�b�i ���H�H �+���b�2�b�X �h�?�B�b �B�b �M�Q�i �� �T�`�Q�#�H�2�K

�B�M �6�. �b�v�b�i�2�K�b ���b �H�Q�M�; ���b �i�?�2 �G�L�� �Q�m�i�T�m�i �b�B�;�M���H�-y(t)�- �B�b �7�`�2�2 �7�`�Q�K �A�J�. �T�`�Q�/�m�+�i�b�X �A�M

�b�m�+�? �� �+���b�2�- �i�?�2 �F�M�Q�r�M �h�s �b�B�;�M���H �+���M �#�2 �b�m�#�i�`���+�i�2�/ �7�`�Q�K �i�?�2 �`�2�+�2�B�p�2�/ �b�B�;�M���H �2�B�i�?�2�`

�B�M ���M���H�Q�; �Q�` �/�B�;�B�i���H �/�Q�K���B�M�X �P�7 �+�Q�m�`�b�2�- �i�?�B�b �B�/�2���H �b�+�2�M���`�B�Q �B�b �T�`���+�i�B�+���H�H�v �H�B�K�B�i�2�/ �#�v

�K���M�v �M�Q�M�B�/�2���H�B�i�2�b�- �b�m�+�? ���b �h�s ���M�/ �_�s �Q�b�+�B�H�H���i�Q�` �T�?���b�2 �M�Q�B�b�2�- �K�m�H�i�B�T�H�2 �`�2�~�2�+�i�B�Q�M�b

�Q�7 �i�?�2 �h�s �b�B�;�M���H �7�`�Q�K �i�?�2 �2�M�p�B�`�Q�M�K�2�M�i�- �i�?�2 �i�B�K�2 �p���`�v�B�M�; �M���i�m�`�2 �Q�7 �i�?�2 �r�B�`�2�H�2�b�b

�+�?���M�M�2�H �2�i�+�X�- �#�m�i �i�?�2�b�2 ���`�2 �+�?���H�H�2�M�;�2�b �i�?���i �?���p�2 �i�Q �#�2 �i���+�F�H�2�/ ���M�v�r���v�X �>�Q�r�2�p�2�`�- �6�.

�Q�T�2�`���i�B�Q�M �B�b �M�Q�i �7�2���b�#�B�H�2�-�B�7�i�?�2 �G�L�� �Q�m�i�T�m�i �2�t�?�B�#�B�i�b �A�J�. �T�`�Q�/�m�+�i�b �Q�7 �i�?�2 �a�A �b�B�;�M���H�X

���b �i�?�2�v ���`�2 ���i �i�?�2 �p�2�`�v �b���K�2 �7�`�2�[�m�2�M�+�v �U�H���b�i �i�r�Q �i�2�`�K�b �Q�7 �U�j�X�8�V�V ���M�/ �M�Q�i �F�M�Q�r�M

�#�v �i�?�2 �i�`���M�b�K�B�i�i�2�`�- �i�?�2�v ���`�2 �M�Q�i �/�B�z�2�`�2�M�i �7�`�Q�K �� �/�2�b�B�`�2�/ �b�B�;�M���H �7�`�Q�K �i�?�2 �`�2�+�2�B�p�2�`�ö�b

�T�2�`�b�T�2�+�i�B�p�2�- ���M�/ �i�?�2�`�2�7�Q�`�2 �+���M�M�Q�i �#�2 �+���M�+�2�H�H�2�/ �B�M ���M���H�Q�; �Q�` �/�B�;�B�i���H �/�Q�K���B�M�X �h�?�2

�T�`�Q�#�H�2�K �B�b �K�Q�`�2 �b�2�p�2�`�2 �B�M ���+�i�m���H �6�. �+�Q�K�K�m�M�B�+���i�B�Q�M �b�v�b�i�2�K�b�- �b�B�M�+�2 �i�?�2 �i�`���M�b�K�B�i�i�2�/

�b�B�;�M���H �B�b �M�Q�i �� �b�B�M�;�H�2 �i�Q�M�2 �b�B�M�m�b�Q�B�/ ���b �B�M �i�?�2 �+���b�2 �/�B�b�+�m�b�b�2�/ ���#�Q�p�2�X �A�i �B�b �� �K�Q�/�m�H���i�2�/

�b�B�;�M���H �Q�+�+�m�T�v�B�M�; �i�2�M�b �Q�` �?�m�M�/�`�2�/�b �Q�7 �J�>�x �#���M�/�r�B�/�i�?�- �+�`�2���i�B�M�; �+�Q�K�T�H�2�t ���M�/ �?���`�/�@

�i�Q�@�+�?���`���+�i�2�`�B�x�2 �A�J�. �T�`�Q�/�m�+�i�b�- �r�?�B�+�? �+�Q�K�T�H�2�i�2�H�v �K���b�F �i�?�2 �/�2�b�B�`�2�/ �b�B�;�M���H�X �h�?�2�`�2�7�Q�`�2�-

�B�i �B�b �2�b�b�2�M�i�B���H �i�?���i �i�?�2 �G�L�� �U�i�?�2 �+�Q�K�T�H�2�i�2 �`�2�+�2�B�p�2�` ���+�i�m���H�H�v�V �B�b �b�m�{�+�B�2�M�i�H�v �H�B�M�2���` ���M�/

�i�?���i �i�?�2 �Q�m�i�T�m�i �Q�7 �i�?�2 �G�L�� �B�b �7�`�2�2 �7�`�Q�K �b�m�+�? �a�A �B�M�i�2�`�K�Q�/�m�H���i�B�Q�M �T�`�Q�/�m�+�i�b�X

�h�?�2 ���#�Q�p�2 �/�B�b�+�m�b�b�B�Q�M �2�t�T�H���B�M�b �i�?�2 �i�`���/�2�@�Q�z �#�2�i�r�2�2�M �i�?�2 �h�s �Q�m�i�T�m�i �T�Q�r�2�`�- �_�s

�k�d



�H�B�M�2���`�B�i�v�- ���M�/ �T���b�b�B�p�2 ���M�i�2�M�M�� �B�b�Q�H���i�B�Q�M�X �h�?�B�b �+���M �#�2 �p�B�b�m���H�H�v �m�M�/�2�`�b�i�Q�Q�/ �B�M �6�B�;�X�j�X�9�X

�>�2�`�2�- �i�?�2 �7�m�M�/���K�2�M�i���H �i�Q�M�2 �`�2�7�2�`�b �i�Q �i�?�2 �a�A �b�B�;�M���H ���M�/ �A�J�j �`�2�7�2�`�b �i�Q �B�i�b �i�?�B�`�/�@�Q�`�/�2�`

�B�M�i�2�`�K�Q�/�m�H���i�B�Q�M �T�`�Q�/�m�+�i�X �h�?�2 �T�Q�r�2�` ���i �i�?�2 �G�L�� �B�M�T�m�i �K�m�b�i �#�2 �H�B�K�B�i�2�/ �i�Q �� �+�2�`�i���B�M

�p���H�m�2Pin; max �b�Q �i�?���i �a�A �A�J�j �+�Q�K�T�Q�M�2�M�i�b ���`�2 �#�2�H�Q�r �i�?�2 �M�Q�B�b�2 �~�Q�Q�`�- �B�X�2�X �i�?�2 �G�L�� �K�m�b�i

�Q�T�2�`���i�2 �r�B�i�?�B�M �B�i�b �b�T�m�`�B�Q�m�b�@�7�`�2�2 �/�v�M���K�B�+ �`���M�;�2 �U�a�6�.�_�V�X �h�?�B�b �p���H�m�2 �+���M �#�2 �7�Q�m�M�/ ���b

�7�Q�H�H�Q�r�b�X �h�?�2 �A�J�j �+�m�`�p�2 �B�M �6�B�;�X�j�X�9�+���M �#�2 �2�t�T�`�2�b�b�2�/ ���b

Pout � OIP3 = 3( Pin � IIP 3); �U�j�X�e�V

�r�?�B�+�? �+���M �#�2 �`�2�r�`�B�i�i�2�M ���b

Pout = 3Pin � 2IIP3 + G: �U�j�X�d�V

�h�?�2�M �b�2�i�i�B�M�;Pout = Nout �- �i�?�2 �M�Q�B�b�2 �~�Q�Q�` ���i �i�?�2 �G�L�� �Q�m�i�T�m�i�- �r�2 �+���M �}�M�/ �i�?�2

�K���t�B�K�m�K ���H�H�Q�r�2�/ �b�B�;�M���H ���i �i�?�2 �G�L�� �B�M�T�m�i�X

Pin; max =
N in + 2IIP 3

3
�U�j�X�3�V

�L�Q�i�2 �i�?���i �?�2�`�2N in �B�M�+�H�m�/�2�b �i�?�2 �M�Q�B�b�2 �}�;�m�`�2 �Q�7 �i�?�2 �G�L���- �B�X�2�XN in = kTBF �B�M �H�B�M�2���`

�i�2�`�K�b�- �r�?�2�`�2k �B�b �i�?�2 �"�Q�H�i�x�K���M�M�ö�b �+�Q�M�b�i���M�i�- �h �B�b �i�?�2 ���#�b�Q�H�m�i�2 �i�2�K�T�2�`���i�m�`�2 �B�M �E�2�H�p�B�M�-

�" �B�b �i�?�2 �#���M�/�r�B�/�i�? ���M�/ �6 �B�b �i�?�2 �M�Q�B�b�2 �7���+�i�Q�`�X �q�2 �+���M �7�m�`�i�?�2�` �`�2�H���i�2 �i�?�B�b �K���t�B�K�m�K

���H�H�Q�r�2�/ �b�B�;�M���H �i�Q �i�?�2 �i�`���M�b�K�B�i�i�2�/ �T�Q�r�2�` �UPT X �V ���M�/ �T���b�b�B�p�2 ���M�i�2�M�M�� �B�b�Q�H���i�B�Q�M �7�`�Q�K

�h�s �i�Q �_�s �UCT X � RX �V�- �b�B�M�+�2 �r�2 �K�m�b�i �b���i�B�b�7�vPin; max < P T X + CT X � RX �X

�h�Q �#�2�i�i�2�` ���T�T�`�2�+�B���i�2 �i�?�2 �i�`���/�2�@�Q�z�- �i�?�2 �7�Q�H�H�Q�r�B�M�; �+���b�2 �b�i�m�/�v �?���b �#�2�2�M �K���/�2�X ���i

�8�: �K�K�@�r���p�2 �#���M�/�b �U�k�e�f�k�3 �:�>�x�V �� �i�v�T�B�+���H �G�L�� �B�M �a�B�:�2 �"�B�*�J�P�a ���+�?�B�2�p�2�b �R�y �/�"�K

�P�S�R�/�"�X �6�Q�` �+�H���b�b�@�� �Q�T�2�`���i�B�Q�M �i�?�B�b �K�2���M�b ���M �P�A�S�j �Q�7 ���T�T�`�Q�t�B�K���i�2�H�v �k�y �/�"�K�X �6�Q�`

�� �i�v�T�B�+���H �G�L�� �;���B�M �Q�7 �R�8 �/�"�- �r�2 �?���p�2IIP 3 = 5 �/�"�K�X �h�?�2 �+�Q�K�T�H�2�i�2 �`�2�+�2�B�p�2�` �K���v

�?���p�2 �� �M�Q�B�b�2 �}�;�m�`�2 �Q�7 �8 �/�"�X �6�Q�` �R�y�y �J�>�x �#���M�/�r�B�/�i�?�- �M�Q�B�b�2 �~�Q�Q�` ���i �G�L�� �B�M�T�m�i

�#�2�+�Q�K�2�b� 174+5+10 log(100� 106) = � 89 �/�"�K�X �*�Q�K�#�B�M�B�M�; �i�?�2�b�2 �`�2�b�m�H�i�b �r�2 �?���p�2

Pin; max = � 89+2 � 5
3 = � 26:3 �/�"�K�X �h�?�2�`�2�7�Q�`�2�- �7�Q�` �R�8 �/�"�K �h�s �Q�m�i�T�m�i �T�Q�r�2�`�- �i�v�T�B�+���H

�B�M �i�?�B�b �7�`�2�[�m�2�M�+�v �`���M�;�2 ���M�/ �T�`�Q�+�2�b�b�- �r�2 �r�Q�m�H�/ �`�2�[�m�B�`�2 �9�R�X�j �/�" �T���b�b�B�p�2 ���M�i�2�M�M��

�k�3



�b�m�T�T�`�2�b�B�Q�M �Q�7 �i�?�2 �a�A �b�B�;�M���H�X �S���b�b�B�p�2 �b�m�T�T�`�2�b�b�B�Q�M �K�Q�`�2 �i�?���M �9�y �/�" �B�b �+�?���H�H�2�M�;�B�M�;�-

�2�b�T�2�+�B���H�H�v ���i �K�K�@�r���p�2 �7�`�2�[�m�2�M�+�B�2�b�X �h�?�m�b�- �7�Q�` �b�m�+�? ���M �6�. �+�Q�K�K�m�M�B�+���i�B�Q�M �H�B�M�F �i�Q

�Q�T�2�`���i�2�- �h�s �Q�m�i�T�m�i �T�Q�r�2�` �K���v �#�2 �`�2�/�m�+�2�/ �U�`���M�;�2 �r�Q�m�H�/ �#�2 �b�K���H�H�2�`�V�- �_�s �H�B�M�2���`�B�i�v

�K���v �#�2 �B�K�T�`�Q�p�2�/ �U�G�L�� �b�K���H�H�@�b�B�;�M���H �H�B�M�2���`�B�x���i�B�Q�M �i�2�+�?�M�B�[�m�2�b �+���M �#�2 �m�i�B�H�B�x�2�/ �Q�` �K�Q�`�2

�+�m�`�`�2�M�i �+���M �#�2 �+�Q�M�b�m�K�2�/ �7�Q�` �B�K�T�`�Q�p�2�/ �H�B�M�2���`�B�i�v�V�- �Q�` �K�Q�/�m�H���i�B�Q�M �#���M�/�r�B�/�i�? �K���v �#�2

�B�M�+�`�2���b�2�/�X �A�M�+�`�2���b�B�M�; �i�?�2 �K�Q�/�m�H���i�B�Q�M �#���M�/�r�B�/�i�? �2���b�2�b �G�L�� �H�B�M�2���`�B�i�v �`�2�[�m�B�`�2�K�2�M�i�-

�#�m�i �K���F�2�b �i�?�2 ���M���H�Q�;�f�/�B�;�B�i���H �a�A �+���M�+�2�H�H���i�B�Q�M �K�m�+�? �?���`�/�2�`�X

�j�X�k �R�y�@�# �o�2�+�i�Q�` �J�Q�/�m�H���i�Q�` �S�?���b�2 �a�?�B�7�i�2�`

�h�?�B�b �b�2�+�i�B�Q�M �T�`�2�b�2�M�i�b �� �?�B�;�? �`�2�b�Q�H�m�i�B�Q�M �U�R�y�@�#�V �p�2�+�i�Q�` �K�Q�/�m�H���i�Q�` �U�o�J�V �B�M �R�j�y�@�M�K

�a�B�:�2 �"�B�*�J�P�a �i�Q ���+�?�B�2�p�2 �?�B�;�? �b�2�H�7�@�B�M�i�2�`�7�2�`�2�M�+�2 �+���M�+�2�H�H���i�B�Q�M �T�2�`�7�Q�`�K���M�+�2 �B�M �k�e �:�>�x

�7�m�H�H�@�/�m�T�H�2�t �8�: ���T�T�H�B�+���i�B�Q�M�b�X �h�?�2 �/�2�b�B�;�M �2�K�T�H�Q�v�b �i�?�2 �:�B�H�#�2�`�i�@�+�2�H�H �i�Q�T�Q�H�Q�;�v�- ���M �3�@�#

�Q�M�@�+�?�B�T �+�m�`�`�2�M�i�@�b�i�2�2�`�B�M�; �.���* �i�Q �+�Q�M�i�`�Q�H �B�i�b �i���B�H �+�m�`�`�2�M�i�b�- �� �k�@�# �A�f�Z �b�B�;�M �b�r�B�i�+�?�2�b�-

���M �Q�M�@�+�?�B�T �S�h���h �+�m�`�`�2�M�i �`�2�7�2�`�2�M�+�2�- ���M�/ �� �T�`�Q�+�2�b�b �+�Q�K�T�2�M�b���i�B�Q�M �+�B�`�+�m�B�i�`�v�X

�h�?�2 �/�2�b�B�;�M �Q�7 �i�?�2 �p�2�+�i�Q�` �K�Q�/�m�H���i�Q�` �+���M �#�2 �/�B�p�B�/�2�/ �B�M�i�Q �_�6 �+�B�`�+�m�B�i�`�v ���M�/ �/�+�f�+�Q�M�@

�i�`�Q�H �+�B�`�+�m�B�i�`�v�- ���b �b�?�Q�r�M �B�M �6�B�;�X�j�X�8�X �h�?�2 �_�6 �T���`�i �B�M�+�H�m�/�2�b �� �i�`���M�b�7�Q�`�K�2�` �#���H�m�M�- ���M �_�*

�T�Q�H�v�T�?���b�2 �}�H�i�2�` �U�S�S�6�V �[�m���/�`���i�m�`�2 �;�2�M�2�`���i�Q�`�- ���M�/ �:�B�H�#�2�`�i�@�+�2�H�H �i�v�T�2 �p�2�+�i�Q�` �K�Q�/�m�H���@

�i�Q�`�c ���M�/ �i�?�2 �/�+ �/�2�b�B�;�M �T���`�i �B�M�+�H�m�/�2�b �� �S�h���h �+�m�`�`�2�M�i �`�2�7�2�`�2�M�+�2�- �T�`�Q�+�2�b�b �+�Q�K�T�2�M�b���i�B�Q�M

�+�B�`�+�m�B�i�`�v�- �+�m�`�`�2�M�i �b�i�2�2�`�B�M�; �.���*�- ���M�/ �+���b�+�Q�/�2 �i���B�H �+�m�`�`�2�M�i �b�Q�m�`�+�2�X

�j�X�k�X�R �h�`���M�b�7�Q�`�K�2�` �"���H�m�M

�A�M �Q�`�/�2�` �i�Q ���+�?�B�2�p�2 �?�B�;�? �H�B�M�2���`�B�i�v�- �i�?�2 �p�2�+�i�Q�` �K�Q�/�m�H���i�Q�` �m�b�2�b �� �i�`���M�b�7�Q�`�K�2�` �#���H�m�M

�B�M�b�i�2���/ �Q�7 ���M ���+�i�B�p�2 �#���H�m�M�X �h�`���M�b�7�Q�`�K�2�` �#���H�m�M�b ���`�2 �r�B�/�2�H�v �m�i�B�H�B�x�2�/ ���i �_�6�A�*�b ���M�/

�r�2�H�H �b�i�m�/�B�2�/ �(�3�R�)�X ���i �k�e �:�>�x�- �i�`���M�b�7�Q�`�K�2�` �#���H�m�M�b ���`�2 �+�Q�M�b�B�/�2�`���#�H�v �b�K���H�H �+�Q�K�T���`�2�/

�i�Q �i�`���M�b�K�B�b�b�B�Q�M �H�B�M�2 �#���b�2�/ �#���H�m�M�b�X �h�?�2 �/�2�b�B�;�M �+���M �#�2 �b�2�2�M �B�M �6�B�;�X�j�X�e�X �A�i �+�Q�M�p�2�`�i�b ��

�b�B�M�;�H�2�@�2�M�/�2�/ �8�y
 �i�Q �/�B�z�2�`�2�M�i�B���H �R�y�y
 �X �h�?�2 �k�y�y �T�> �T�`�B�K���`�v �+�Q�B�H �r���b �`�2���H�B�x�2�/ �#�v ��

�b�B�M�;�H�2 �i�m�`�M �i�Q�T�@�K�2�i���H �k �i�`���+�2 �Q�7 �r�B�/�i�? �R�k�@� �K ���M�/ �B�M�M�2�` �/�B���K�2�i�2�` �Q�7 �3�y�@� �K�X �h�?�2 �9�9�y

�T�> �b�2�+�Q�M�/���`�v �+�Q�B�H �r���b �`�2���H�B�x�2�/ �#�v �� �i�r�Q�@�i�m�`�M �i�Q�T�@�K�2�i���H �R �i�`���+�2 �Q�7 �r�B�/�i�? �R�y�@� �K ���M�/

�B�M�M�2�` �/�B���K�2�i�2�` �Q�7 �9�j�@� �K�X �h�?�B�b �;�2�Q�K�2�i�`�v �T�`�Q�/�m�+�2�b �� �K�Q�/�2�`���i�2 �K���;�M�2�i�B�+ �+�Q�m�T�H�B�M�;

�k�N



�6�B�;�m�`�2 �j�X�8�,�h�?�2 ���`�+�?�B�i�2�+�i�m�`�2 �Q�7 �i�?�2 �T�`�Q�+�2�b�b�@�+�Q�K�T�2�M�b���i�2�/ �?�B�;�?�@�`�2�b�Q�H�m�i�B�Q�M �U�R�y�@�#�V
�p�2�+�i�Q�` �K�Q�/�m�H���i�Q�`�X �_�2�/ �#�Q�t�, �_�6 �T���`�i�- �#�H�m�2 �#�Q�t�, �/�+�f�+�Q�M�i�`�Q�H �T���`�i�X

�+�Q�2�{�+�B�2�M�i �Q�7k = 0:59�i�Q �2�M���#�H�2 �� �r�B�/�2�#���M�/ �K���i�+�?�B�M�; �T�2�`�7�Q�`�K���M�+�2�X �A�i �r���b �Q�T�i�B�K�B�x�2�/

�i�Q �K���t�B�K�B�x�2 �i�?�2 ���p���B�H���#�H�2 �T�Q�r�2�` �;���B�M �Q�7 �i�?�2 �i�`���M�b�7�Q�`�K�2�`�X �h�?�2 �R�8�y �7�6 ���M�/ �9�y �7�6 �J�A�J

�+���T���+�B�i�Q�`�b �i�m�M�2 �Q�m�i �i�?�2 �B�M�/�m�+�i���M�+�2 �Q�7 �i�?�2 �+�Q�B�H�b ���M�/ �T�2�`�7�Q�`�K �i�?�2 �K���i�+�?�B�M�;�X �h�r�Q �3�y
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