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Á� Ã�Ï&XÚ�O¥�Nõ¯K8�(.�ï��`z¯K. ��¡, ù
`z¯K~

~äkpÝ���55, ���¹eJu¦); ,��¡, §�qkg��AÏ(�, ~XÛ¹

�à5!�©5�. |^`z��{(Ü¯K�AÏ(�¦)Ú?nÃ�Ï&XÚ�O¯K´

Cc5Æâ.ïÄ�9:.�©:0�Ú?ØÃ�Ï&XÚ�O¥��`]�� (Resource

Allocation) ¯KÚ�'`z�{. �©±`z�{�Ì�, X0�ù
`z�{3¦)Ã�

Ï&]��`z¯K¥�A^, Ì��)�5I5yXÛ�«�à¯K¥Ûõ�à5!.�

KFéónØXÛ�«�'¯K�`)�(�!DÕ`zÚ�ê5yE|XÛ�Ïïá�'¯

K�êÆ�.!��½tµ�O�`z±9©ª5yE|�XÛ¯�¦)�'¯K.��,�©

Ð"
Ã�Ï&XÚ`z�OïÄ¥��
�5ïÄ��Ú'�¯K.

'�c ��½tµ Cþ�O�`z éónØ õ^rZ6&� ©ª5y O�E,5 Ã�Ï&XÚ`z

�O DÕ`z �ê5y

1 Úó��µ

1.1 Ã�Ï&��µ

�@�Ã�Ï&Ñy3có�z�Ï, ù
XÚ¦^Hë!»ë!&Ò�½á�, 3ÀåS

DÑ&E. 19 V¥�±�, �X>�!>{�u²±9>^Å�uy, <aÏ&+��)
�

�5C�, ¢y
|^7á��5D4&E, $�ÏL>^Å5?1Ã�Ï&, ¦ {¥�“^

º�”!“Zpú”C¤y¢. AO/, 1895 c, ¿�|<ê�Z (Guglielmo Marconi) 3=I~A

�� 30 Z��	��^öE�m¤õ?1
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�õÑ!���NÈÚ�B¨�d�, ¦Ã�Ï&!Ã�>À!Ã��ä�¤�y¢. 1948 c,

“&EØ�I”�N�#M�Î�#�à (Claude Elwood Shannon)uL
K�“A Mathematical

Theory of Communication”�Ø©,ïá
Ï&�êÆnØ [1].�à�nØéÃ�Ï&Eâ�u

Ð��K��8.ÏLA�c�ãå,<�ªu�±¢y�ànØýó�DÑ&�Nþ (Channel

Capacity), �m©g���à���DÑNþ�¯K [2].

Ð"�5, Ã�Ï&3A�cSEò´Ï&uÐ�c÷. �5Ã�Ï&��µ´?Û<�

Ô�±3?Û�m!?Û/:?1Ï&, &EÄ:���±�z�[Ì!z�è�Úz��¬

Jøêiz��UÑÖ. �
¦�5Ã�Ï&��µ�±¢y, Äk7L�ô�NõEâþ�

JK, ù
JK0BuÃ�Ï&XÚ�O����¡.

1.2 Ã�Ï&é�¬ÚI[�5uÐ��5

Ã�Ï&Eâ [3–5] Ì�|^Ã�>^Å5DÑ&E. L�A�c, Ã�Ï&Eâ²{
o

�¯�uÐ, 4�/Uõ
<��)¹�ª. AO/, 1 5 � (Fifth-Generation, 5G) £ÄÏ&

XÚ´¡� 2020c���#��£ÄÏ&XÚ.Cc5, 5GÚ� 5G®¤�.��SÆâ.

Úó�.�ïÄ9:, 5G Ú� 5G �ïu��O�3X»X¸/?1 [6] [7], ·I�Ã�Ï&

3C��c�d�5�“�¡�x”�.�é+k. ���J�´, 2016 cd·Iu�Eâk

�úi (±e{¡u�) Ìí�4zè (Polar Code) Ô�
d{IÌí� LDPC (Low Density

Parity Check Code) �YÚ{IÌí� Turbo 2.0 �Y, ¤�
 5G �p�Àª��6þ£Ä°

��Ö|µe��&�?è��ª�Y. u�Ìí�?è�Y�æB¿�XpÏ!Oá&�I

	úiéÏ&Eâ��ä���ª(å, ¥IÏ&EâIS/ �3þ,. �á¢“�oÊ”Ï

mI[�EM#Sü, 2021 c�EÜOy|± 13 �“êÆ�A^ïÄ”:;�, “Ï&+�e

Z'�¯K�êÆnØÚ�{” �Ù¥.

5G £ÄÏ&Eâ�uÐ´�cI[ÔÑuÐOy��|¤Ü©. 2017 co�ron3

5�?ó��w6¥;�J9 5G £ÄÏ&EâéuI[�5uÐ��5, �w�Ñ“�¡¢

�ÔÑ5#,��uÐ5y, \¯#á�!<ó�U!8¤>´!)Ô��!1Ê�£ÄÏ&�

EâïuÚ=z, ���r��8+”. ù´�?ó��wÄgJ9 5G £ÄÏ&Eâ. 2018 c

o�ron35�?ó��w¥2�grNuÐ 5G £ÄÏ&Eâ��5. �'u 2017 c,

2018 c5�?ó��w6¥ 5G £ÄÏ&Eâ� ��\�c. 5G 1�X»X¸� 2019 c, {

I�?éu�¢��¡�àÚ�Ø,¿3�fu�Ú¥I3 5G�kà+��uÐ,ù�l��

ý¡�NÑ 5G ´�c·IÔÑuÐOy��|¤Ü©.

1.3 `z3Ï&XÚ�O¥��5

�`z [8–10] ?Øûü¯K��ZÀJ, �EÏ¦�Z)�O��{, ïÄù
O��{

�nØ5�9¢SO�Ly. �`z3I�!²L!7K!ó§!�Ï!+n!êâ©Û!Åì

ÆS!<ó�U�Nõ+�kX2��A^. NõÙ¦�Æ+��¯KÑ�±8(��`z¯
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K, X���Æ¥�;��O¯K!)·�Æ¥��x�òU¯K!&E�Æ¥��ª£O¯

K!/¥�Æ¥��ü¯K�.

Ã�Ï&XÚ�O¥�éõ¯K~~�ï���kAÏ(���`z¯K. ��¡, ù


`z¯K~~äkpÝ���55,���¹eJu¦);,��¡,§�qkg��AÏ(�,

~XÛ¹�à5!DÕ5!�©5�. |^`z�Eâ(Ü¯K�AÏ(�¦)Ú?nÃ�Ï

&XÚ�O¯K´Cc5�ïÄ9:¯K [11–14], C��c²þzcÑkù�¡�ó�¼�

IEEE &Ò?nÆ¬½ö IEEE Ï&Æ¬�ZØ©ø. CAc, u�3SÜ¤á
õ�$ÊÚ`

z¥%/¢�¿ (~X3ni� Mathematical and Algorithmic Sciences Laboratory), 8¥åþ

ïÄÃ�Ï&XÚ`z�O¯K. .Í¶`z;[!\<��[�Æ��¬!{Ió��A

^êÆÆ¬¬¬!ISº?&Ò?nÚÃ�Ï&Ïr5IEEE Trans. Signal Process.6c?Ì?

Û���Ç�Ì�ïÄ��´`z�{��O!©Û9Ù3Ã�Ï&¥�A^. ¦3þã��

uL
õ�kK�å�ÆâØ©, ��
´a�ïÄ¤J, l�¼�
 2004!2009!2011 c

IEEE&Ò?nÆ¬�ZØ©ø, 2011cî³&Ò?nÆ¬�ZØ©øÚ 2011c IEEEISÏ

&�¬�ZØ©ø. `z3£ÄÏ&XÚ�O¥��5dd����.

1.4 Ã�Ï&�`]��¯K

�`]��¯K [11, 12, 14–21] ´Ã�Ï&XÚ�O¥�Ä�¯K��. �`/©�õ

Ç!DÑÅ/ÚªÌ�]U
4�/Jp��Ï&XÚ�DÑ5U.l^r��Ý,õ^r�

m��pZ6´����Ï&XÚp�èDÑ��Ì�Ï�, ·�/©�XÚ]�±k�

/�Øõ^r�m��pZ6, lJp��Ï&XÚ�DÑ5U. lXÚ$Eö��Ý, �`

/©�XÚ]�±k�/JpõÇÚªÌ�[B]�|^Ç, lü$$E¤^. ¯¢þ,

XÚ$EöI�s¤A�·{�âU¼�,ãªÌ�¦^�. ¤±, éuXÚ$Eö5`, õÇ

ÚªÌ�k�|^�±���p�£�Ú�$�$Es¤ [5].�©:0�Ú?ØÃ�Ï&]

��¥�`z¯K��{.

DÚ�Ã�Ï&�`]���3JpªÌ|^Ç (Spectral Efficiency), ~~�9�±e

üa`z¯K: 1�a`z¯K´÷v��DÑ�Ç�åe�DÑoõÇ4�z¯K (Power

Minimization) [22, 23], ù�a¯KÌ�´l$Eû��ÝJÑ; 1�a`z¯K´÷vDÑõ

Ç�åe�XÚ�^¼ê4�z¯K (System Utility Maximization) [24–26],ù�a¯K´l^

r��ÝJÑ. ùüa¯K�p'é, �a¯K�¦)é,�a¯Kkéu�^. ���Ç�å

^�e�XÚoõÇ4�z�.�":´éA�`z¯Kk��UØ�1, 1�a`z�.

o´�1�. 1�a¯K�,��`:3u�±ÏL·�À�XÚ�^¼ê±²ïXÚ��N

5U�^r�m�ú²5. �c'�9���^¼ê [27] �)Ú�Ç, AÛ²þ, NÚ²þ, �

��Ç�. ,	�aïÄ�õ��`]��`z�.´U� (Energy Efficiency) [28, 29] ��

z¯K.U�´��©ª/ª��I,Ù¥©f´XÚo�DÑ�Ç,©1´XÚo�u�õÇ.

U��.´3�½õÇ�å�^�e4�zU�, =4�zü õÇ|±�DÑ�Ç.
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Ã�Ï&�`]��¯Käkm²�(�ÚA:.^r�&ZD' (Signal-to-Interference-

plus-Noise Ratio, SINR)ÚDÑ�Ç´Ã�Ï&XÚ`z�O¥���ü��I,Ù¥&ZD

'´&Ò�õÇ�Z6�D(õÇ�Ú�'�, ´©ª�/ª, DÑ�Ç´&ZD'��«

éêC�. ¿©|^ù
AÏ(�´p�¦)�A��`]��¯K�'� [11–14]. ,	,

Nõ�`]��¯K�6u&�G�, 8�´�â&�G��Czg·A/©�XÚ]±

��,«�I�`. &�ëê���Eê, �`zCþ�)Åå¤/�þ��Ñ´Eê, ëê

ÚCþ½Â3Eê�´Ã�Ï&�`]��¯K�A:��. ,��¡, Ï�&�ëêCz

é¯, ùé]��¯K¦)�¢�5k�½��¦, ¯�¢�¦) (#N�½�`5���)

´Ã�Ï&�`]��¯K�,��A:.

SN|�ÚÎÒ�½

�©SN|�Xe: duÃ�Ï&�`]��¯KÑ´ïá3�½�&��.þ�, ·

�Äk31 2 Ù0�Aa~^�Ã�&��.; ��, ·�31 3 Ù0�Ã�Ï&�`]�

�¯K�uÐyG, �[0�Aa¯K¥~^�`z�{ÚY~; ��·�31 4 Ù¥�Ñ�

5uÐ��ÚÐ".

�©ÎÒ�½Xe: �©^��çNi1L«��þ, ��çNi1L«Ý
. �½Eê

a, Re(a)Ú Im(a) ©OL«§�¢ÜÚJÜ. �½Ý
 A, AT L«§�=�, A† L«§��

Ý=�, A−1 L«§�_, Ai,j L«§�1 (i, j) ���. �q�ÎÒ�·^u�þ. �½�þ

x = [x1, x2, ..., xK ]
T

, ‖x‖p , (
∑K
k=1 |xk|p)1/p L«§� p �ê, Ù¥ p ∈ (0,∞); ‖x‖0 L«�þ

x ¥�"���ê. Diag(x) L«d�þ x )¤�é�Ý
. �½ (·��ê�) Hermitian Ý


A Ú B, A � 0 L« A ´����½Ý
; A � B L« A − B ´����½Ý
; Trace(A)

L« A �,, Rank(A) L« A ��. ��, �©^ e L«·��ê�� 1 �þ, ^ I L«·�

�ê�ü Ý
, ^ 0 L«·��ê�� 0 Ý
½�þ.

2 Ã�&��.

2.1 õ^rZ6&��.

õ^rZ6&� (Multi-User Interference Channel) Xã 1 ¤«. 3õ^rZ6&�¥, k

õ�DÑàÚõ��Âà. z�DÑàÚ�ÂàCkØÓêþ�U�. z�DÑàF"�éA

��Âàux&Ò.AO/,�DÑà 1 (TX1)��Âà 1 (RX1)ux&Ò�Ó�, TX1 ��Ù

¦��Âà�5
Z6; �L5, � RX1 �Â TX1 DÑ&Ò�Ó�, ��Â�Ù¦DÑàDÑ

�&Ò, ùéuRX15`�´Z6. ù=´õ^rZ6&�. �©Ì�?ØÃ�Ï&¥��`]

©�¯K, ù
¯K�ÑÄuõ^rZ6&�½ö§�C«.

��w¥, “^r”L«XÚ¥���DÑ�Âé, �¡��� (��) ó�. e¡�Ñõ^

rZ6&��XÚ�.. b�XÚ¥k K �^r, ·�^ K = {1, 2, ...,K} L«XÚ¥¤k^

4



ã 1 õ^rZ6&�«¿ã.

r�8Ü. �Äü1Å (Single Carrier) Ï&XÚ, =1 k �DÑà3�����ux��&Ò

sk ∈ C �éA��Âà k. ·�^ Hkj ∈ CMk×Nj L«1 j �DÑà�1 k ��Âà�&�Ý


, Ù¥ Mk Ú Nj ©OL«1 k ��ÂàÚ1 j �DÑàCk�U��ê, @o�Âà k �

Â�&Ò�

yk = Hkkvksk +
∑
j 6=k

Hkjvjsj + zk,

Ù¥ vk ∈ CNk×1 L«DÑà k ¦^�DÑÅå¤/�þ, zk ∈ CMk×1 ´\5pdxD(

(Additive White Gaussian Noise, AWGN), Ñl��©Ù CN (0, σ2
kI). - uk ∈ CMk×1 L«�Â

à k ¦^��ÂÅå¤/�þ, K�Âà k ²L�5?n±����&Ò�

ŝk = u†kyk = u†kHkkvksk +
∑
j 6=k

u†kHkjvjsj + u†kzk.

òZ6w¤D(, @o1 k �^r�&ZD'�L«�

SINRk =
|u†kHkkvk|2

σ2
k‖uk‖2 +

∑
j 6=k

|u†kHkjvj |2
, k ∈ K. (2.1)

�â�à&EØ�(J [4], 1 k �^r�DÑ�Ç�L«�

rk = log2(1 + SINRk), k ∈ K. (2.2)

î�/ù, DÑ�Ç�L�ªA� rk =
1

2
log2(1 + SINRk). �~ê

1

2
é�¡¤�Ä�`z¯K

vk��K�, ·�òÙ{PX (2.2) ¤«.

�âXÚ¥DÑàÚ�ÂàCk�U��ê, �òõ^rZ6&��Xe©a.
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õÑ\õÑÑ (MIMO) Z6&�: �XÚ¥z�DÑàÚ�ÂàÑCkõ�U��, =

Mk > 2, Nk > 2 (k ∈ K) �, d&�¡� MIMO Z6&�, Ù SINR L�ªXª (2.1) ¤«.

õÑ\üÑÑ (MISO) Z6&�: �XÚ¥z�DÑàCkõ�U�, z��ÂàCk 1

�U�, = Mk = 1, Nk > 2 (k ∈ K) �, d&�¡� MISO Z6&�. 3 MISO Z6&�¥, &

�Ý
 Hkj òz�1�þ hkj . ��
PÒþ�Ú� (�©©ª^��çNL«��þ), ·�

ò MISO Z6&�¥1 k ��Âà� SINR L«�

SINRk =
|h†kkvk|2

σ2
k +

∑
j 6=k |h

†
kjvj |2

, k ∈ K. (2.3)

3 MIMO Ú MISO Z6&�¥, z�DÑà�õÇ�å�L«�

‖vk‖2 6 p̄k, k ∈ K,

Ù¥ p̄k L«1 k �DÑà�õÇþ�.

üÑ\õÑÑ (SIMO) Z6&�: �XÚ¥z��ÂàCkõ�U�, z�DÑàCk 1

�U��, = Mk > 2, Nk = 1 (k ∈ K) �, d&�� SIMO Z6&�. 3 SIMO Z6&�¥, &

�Ý
 Hkj òz���þ hkj . d�, 1 k ��Âà� SINR �L«�

SINRk =
|u†khkk|2pk

‖uk‖2σ2
k +

∑
j 6=k |u

†
khkj |2pj

, k ∈ K,

Ù¥ pk = |vk|2.

üÑ\üÑÑ (SISO) Z6&�: �XÚ¥z�DÑàÚ�ÂàÑCk 1 �U��, =

Mk = Nk = 1 (k ∈ K) �, d&�¡� SISO Z6&�. 3 SISO Z6&�¥, &�Ý
 Hkj ò

z�ê hkj . d�1 k ��Âà� SINR �L«�

SINRk =
gkkpk

ηk +
∑
j 6=k gkjpj

, k ∈ K,

Ù¥ gkj = |hkj |2 L«1 j �DÑà�1 k ��Âà�&�OÃ (Channel Gain), ηk = σ2
k L«

1 k ��Âà�D(õÇ. 3 SIMO Ú SISO Z6&�¥, z�DÑà?�õÇ�å�L«�

0 6 pk 6 p̄k, k ∈ K.

2.2 Ù¦&��.

e1üÅ (Unicast) MISO &�: e1üÅ MISO &�¥k��Ckõ�U��DÑà

Ú K �Ck��U���Âà. d&��±w¤´ã 1 ¥�Ï&XÚ3DÑà#N��Ü�,

= K �DÑà��¤k^r�êâ, ¤±¦��±w¤´��J[ (Virtual) ��DÑà. -

hk = [hTk1,h
T
k2, . . . ,h

T
kK ]T ∈ CN×1 L«�DÑà�1 k �^r�&�Xê, Ù¥ hkj ∈ CNj×1

L«1 j �DÑà�1 k�^r�&�Xê, N =
∑
k∈KNk.b� wk = [wT

k1,w
T
k2, . . . ,w

T
kK ]T ∈

6



CN×1 �DÑà�1 k �^r�Åå¤/�þ, Ù¥ wkj ∈ CNj×1 L«1 j �DÑà�1 k �

^r�Åå¤/�þ, K1 k �^r�Â��&Ò�

yk = h†kwksk +
∑
j 6=k

h†kwjsj + zk;

1 k �^r� SINR �L«�:

SINRk =
|h†kwk|2

σ2
k +

∑
j 6=k |h

†
kwj |2

, k ∈ K. (2.4)

XJ K �DÑà�gÕáDÑ, ù�du½¦Åå¤/�þ wk ¥Ø1 k ¬	�Ü�", 2-

wk,k = vk, K (2.4) òz� (2.3).

e1õÅ (Multicast) MISO &�: �Ä MISO e1&�, Ù¥��Ckõ�U��ÄÕ

Ó��õ�üU�^rux�Ó�&Ò. dXÚ�±w¤´ã 1 ¥�Ï&XÚ3DÑà#N�

�Ü��ux�&E s1 = s2 = · · · = sK , =��J[��DÑà (ÄÕ) Ó���|^rDÑ

�Ó�&E. - hk L«DÑà�1 k �^r�&�Xê, w ∈ CN×1 �DÑà¦^�Åå¤/

�þ, KdXÚ� SINR �L«�

SINR = min
k∈K

{
|h†kw|2

σ2
k

}
.

dþ��, õÅ&�¥� SINR (±9DÑ�Ç) d&����^rû½.

õ1Å (Multicarrier) SISO Z6&�:�Äõ^rõ1ÅÏ&XÚ,Ù¥ K �^r�^

M �1Å. ^ gmkj L«1 j �DÑà31 m �1Åþé1 k ��Âà�&�OÃ, pmj L«1

j �DÑà31 m �1Åþ�u�õÇ, ηmk L«1 k ��Âà31 m �1Åþ�D(õÇ,

K1 k �^r�õÇ�åÚDÑ�Ç�©OL«�

∑
m∈M

pmk 6 p̄k, k ∈ K Ú Rk =
∑
m∈M

log2

1 +
gmkkp

m
k∑

j 6=k

gmkjp
m
j + ηmk

 , k ∈ K. (2.5)

AO/, �XÚ¥�k��^r�, ·�^ αm Ú ηm ©OL«1Å m ∈ M := {1, 2, ...,M} þ

�&�OÃÚD(õÇ. d�^r�DÑ�Ç�

R =
∑
m∈M

log2

(
1 +

αmpm

ηm

)
.

3 uÐyG

3õ^rZ6&�½öÙC«¥, ^r�m�DÑ¬�Ù§�^r�5Z6. 8cõ^r

�m��pZ6´{NÃ�Ï&XÚp�èDÑ��Ì�Ï�. �`]��ÏL�ODÑ

Åå¤/�þ {vk}/{wk}!�ÂÅå¤/�þ {uk}±9DÑõÇ {pk}5~�Ú�ØXÚ¥�

7



Z6, ¦���XÚ3�ZG�e?1Ï&. �Ù¥·�Ì�0�y�`zEâ(Ü¯K�A

Ï(�3Ã�Z6&��`]��¥�A�;.A^Y~. AO/, ·�Ì�0��5I5

yXÛ�«�à¯K¥Ûõ�à5!.�KFéónØXÛ�«�'¯K�`)�(�!DÕ

`zÚ�ê5yE|XÛ�Ïïá�'¯K�êÆ�.!��½tµ�O�`zÚ©ª5yE

|�XÛ¯�¦)�'¯K.

3.1 Ûà5Úà�dC/

�!¥, ·�Ì��ãy�`zEâAO´�5I5yXÛ�«�à]��¯K¥Ûõ

�à5±9òwq�à�¯K=z�à`z¯K [30].

SISO Z6&�õÇ��: �Äõ^r SISO Z6&�¥�õÇ��¯K, 8I´4�z��X

Ú�DÑõÇ¦�z�^r� SINR Ñ�u½ö�uýk�½�8I�. þãõÇ��¯K�

±ï��:

min
{pk}

∑
k∈K

pk

s.t.
gkkpk∑

j 6=k

gkjpj + ηk
> γk, k ∈ K,

0 6 pk 6 p̄k, k ∈ K,

(3.1)

Ù¥ γk �1 k �^r� SINR 8I�. duþã SINR �å�du

gkkpk > γk

∑
j 6=k

gkjpj + ηk

 , k ∈ K,

¤±¯K (3.1) ¢Sþ´���55y. ØJy², ¯K (3.1) ��`)�½3¤k SINR �å

��Ò�¤á [31,32].¦)õÇ��¯K (3.1)� Foschini-Miljanic�{ [33]�´|©/|^


ù�AÏ(�, lò¯K (3.1) =z����5�§|. Foschini-Miljanic �{�S��ª�

pt+1
k = max

{
min

{
γk

SINRt
k

ptk, p̄k

}
, 0

}
, k ∈ K, (3.2)

Ù¥ t �LS�gê, SINRt
k �1 k �^r31 t gS�� SINR �. þãS��ª (3.2) �~

�*, �1 k �^r� SINR ��uÙ8I��, �{ü$1 k �^r�u�õÇ; ��KO

\1 k �^r�u�õÇ. Foschini-Miljanic �{��þ=´¦)�5�§|� Jacobi S��

{ [34, 35]; du�¯Kk (õÇ) �å, �{?�Úò Jacobi S����(J2?1ÝK.

Foschini-Miljanic �{{'´u¢y, �kXeA�`:: 1�, ���¯K (3.1) �1, �

{o´±�5�Ý�ÛÂñ [32,36,37]; 1�, Foschini-Miljanic�{´©Ùª�{:z�DÑà

�±Ó��#DÑõÇØI���Ù¦DÑà; 1n, Foschini-Miljanic �{����`:

´Ùó§¢^5,=3 Foschini-Miljanic�{¥,DÑàzg�#DÑõÇ�I��A��Âà

�"�c� SINR �, ù��3¢SÏ&¥N´ÿþ.
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e1üÅ&�Åå¤/�O: e1üÅ&�éÜõÇÚÅå¤/�O¯K�ï��

min
{wk}

∑
k∈K

‖wk‖2

s.t.
|h†kwk|2

σ2
k +

∑
j 6=k |h

†
kwj |2

> γk, k ∈ K.
(3.3)

3¯K (3.3) ¥, 8I¼ê
∑
k∈K ‖wk‖2 L«DÑàu��oõÇ. ¯K (3.3) wå5´�à�,

Ï� SINR �å´�à�. ¢Sþ, ¯K (3.3) ´��à¯K. �e5·�¬|^¯K�AÏ(

�, òÙ�d/=z�à`z¯K.

��½tµ [38] ´¦)¯K (3.3) ��a�~k���{. Ú\9ÏCþ

Hk = hkh
†
k ∈ CN×N ÚWk = wkw

†
k ∈ CN×N , k ∈ K.

¯K (3.3) 'uCþ {Wk} ���½tµ�

min
{Wk}

∑
k∈K

Trace(Wk)

s.t. Trace(HkWk)− γk
∑
j 6=k

Trace(HkWj) > γkσ
2
k, k ∈ K,

Wk � 0, k ∈ K.

(3.4)

�'u�¯K (3.3), ¯K (3.4) ¥tµ
���å Rank(Wk) = 1, k ∈ K. ù�´¯K (3.4) �

¡�¯K (3.3) ���½tµ��Ï.

©z [39] y²þã��½tµ (3.4) ��¯K (3.3) ´�d�, =¯K (3.4) o´�3��

���`).©z [40]?�Úy²¯K (3.3)�±�d/=z�����I5y¯K,l�«


��½tµ��¯K�d����Ï.¯¢þ,éu (3.3),·�o´�±Ú\���ÝCz¦

�¤k� h†kwk Ñ´��, �ØK� SINR ��. Ïd, Ø���5, ·�o´�±b�¤k�

h†kwk > 0. ?, ¯K (3.3) �duXe�à��I5y:

min
{wk, τ}

τ

s.t.

√
1 +

1

γk
h†kwk >

∥∥∥∥∥∥∥
 h†kW

σk


∥∥∥∥∥∥∥ , k ∈ K,∑

k∈K

‖wk‖2 6 τ.

'u�õ�Ã�Ï&�`]��¥Ûà5�÷Úà�dC/�~f,�±ë� [27,41–45]

�. ~X, [41] ò [39, 40] ¥�(Jí2�z�U�õÇ�å�¹e; [27, 42] ò [39, 40] �(J

í2�e1 MISO Z6&�Úþ1 SIMO Z6&�¥�éÜõÇÚÅå¤/�O¯K; [43–45]

ò [39, 40] ¥�(Jí2�&�Xê�kØ���¹e.
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3.2 .�KFéónØ

�!¥, ·�Ì��ãXÛ|^.�KFéónØ [10] �«�`]©�¯K�`)�(

�±9�O�A�{.

õ1Å SISO &�õÇ��Ú5Y�{ (Waterfilling) [4]:ü^rõ1Å SISO&�¥�õÇ

��¯K�ÄXÛ3õ�1Åþ©�õÇ±4�zXÚ�oDÑ�Ç. êÆþd¯K�ï��

max
{pm}

∑
m∈M

log2

(
1 +

αmpm

ηm

)

s.t.
∑
m∈M

pm 6 P, pm > 0, m ∈M.

(3.5)

¯K (3.5)´��à`z¯K.b� λ��å
∑
m∈M pm 6 P éA�.�KF¦f,K¯K (3.5)

� (Ü©) .�KF¼ê�

L({pm} ;λ) = −
∑
m∈M

log2

(
1 +

αmpm

ηm

)
+ λ

( ∑
m∈M

pm − P

)
.

é L({pm} ;λ) 'u pm > 0 ¦4����¯K (3.5) �)�

pm(λ) = max

{
1

λ
− ηm

αm
, 0

}
, m ∈M, (3.6)

Ù¥ λ A÷v
∑
m∈M pm(λ) = P. /Ïu.�KF¦f, úª (3.6) �ß/�x
¯K (3.5) )

�(�, =õÇ©�A��5Y [4] ��, �`�õÇ©�A�¦�¤k©�õÇ�^r�õÇ

pm �ÙD(&�OÃ' ηm/αm �Ú3Ó�Y² 1/λ þ. ã 2 �Ñ
) (3.6) ��*¹Â, Ù

¥ùÚL«©�3ØÓ1Åþ�õÇ, “Y²”� 1. 'uþã¯K (3.5) 3z�1ÅõÇ�å�

¹e�4ª),�ë� [18];'u C-RANµee�`Ã�£§ (Backhaul)©�¯K)�(��

x±9“��5”5Y�{, �ë� [46].

e1üÅ&�Åå¤/�OÚþe1éónØ: �ÄüÅ&�Åå¤/�O¯K (3.3). Ø��

�5, ·�b� σk = σ, =z�^r�D(õÇ��. N´�y, §�.�KFéó¯K�

max
{λk}

∑
k∈K

λkσ
2

s.t. I +
∑
j∈K

λjhjh
†
j �

(
1 +

1

γk

)
λkhkh

†
k, k ∈ K,

(3.7)

Ù¥ λk ´éAu1 k � SINR�å�éóCþ.�ÄXeþ1éÜõÇÚÅå¤/�O¯K:

min
{ŵk,ρk}

∑
k∈K

ρk

s.t.
ρk|h†kŵk|2

σ2‖ŵk‖2 +
∑
j 6=k ρj |h

†
jŵk|2

> γk, k ∈ K,
(3.8)
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ã 2 5Y�{«¿ã.

Ù¥ ρk �þ1^r k �u�õÇ, ŵk ��Âà��Âþ1^r k �u�&Ò¤¦^��ÂÅ

å¤/�þ.N´�yþã¯K (3.8)'u ŵk ��`)��5þ��4�z (Linear Minimum

Mean Squared Error, LMMSE) �Â�þ:

ŵk =

σ2I +
∑
j∈K

ρjhjh
†
j

−1 hk, k ∈ K. (3.9)

òþã�`)�\¯K (3.8) �?�Úy²¯K (3.8) �du

min
{ρk}

∑
k∈K

ρk

s.t.

(
1 +

1

γk

)
ρkh

†
k

σ2I +
∑
j∈K

ρjhjh
†
j

−1 hk > 1, k ∈ K.
(3.10)

5¿�e1¯K��`)o´¦�¤k� SINR ��ª. |^ù�¯¢�±y²¯K (3.7) Ú

¯K (3.10) �d. ¤±, e1¯K (3.3) Úþ1¯K (3.8) �d.

lnØþ5ù�~k¿g�´, þ1¯K (3.8) ��`õÇ ρ∗k �ue1¯K (3.3) 1 k �

SINR �åéA��`éóCþ λ∗k ¦±1 k �^r�D(õÇ σ2, = ρ∗k = λ∗kσ
2, k ∈ K. l�

{��Ý,Úe1¯K (3.3)�',þ1¯K (3.8)�\N´¦),¤±�±|^þe1éónØ

�O�{¦)e1¯K. AO/, 3þ1¯K (3.8) ¥, Cþ ŵk 'u SINR �å´�©�, ¿�

kwª) (3.9); �e1¯K (3.3) ¥Cþ wk 'u¤k SINR �åÍÜ3�å, Ø´¦). ��

BQã, þ¡·�b�
z�^r�D(õÇ��. ¯¢þ, þã(Ø�í2�D(õÇØ��

�¹e [39].
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|^þe1éónØ�Ok��{¦)e1¯K�©z�) [47–50]; ©z [41] là`z

��Ýòþe1éónØÚ��.�KFéóµee, ¿?�Úòþã(Jí2�z�U�Ñ

kõÇ�å��¹; [51] òþãþe1éónØí2��kgZ6��Vó (Full Duplex) Ï&

�¹; [52] ?�Úòþe1éó(Jí2��k (Ø �) ¥U�µee. 5¿�3�k¥U�

µee, XÚküa, 1�a´lÄÕ�¥U, 1�a´l¥U�^r; �´yk�þe1éó

(JÑ��Ä�a, =lÄÕ���^rù�a.

Ä�Ì+n (Dynamic Spetrum Management) ¯K�"mYéónØ: �ÄXeõ1Å

SISO Z6&�¥�Ä�Ì+n¯K:

max
{pmk }

U(R1, R2, . . . , RK)

s.t.
∑
m∈M

pmk 6 p̄k, k ∈ K,

pmk > 0, k ∈ K, m ∈M,

(3.11)

Ù¥ U(·) ��·�ÀJ��^¼ê, Rk �L�ª� (2.5). ¯K (3.11) �éó¯K�

min
{λk}

d ({λk})

s.t. λk > 0, k ∈ K,
(3.12)

Ù¥

d ({λk}) = max
{pmk >0}

{
U(R1, R2, . . . , RK)−

∑
k∈K

λk

( ∑
m∈M

pmk − p̄k

)}
.

^ p∗M Ú d∗M ©OL«�©¯K (3.11) Úéó¯K (3.12) ��`�. lféó½n�� d∗M −

p∗M > 0. ���¹e��¯K�à�, �3î�éómY, = d∗M − p∗M > 0. ¯¢þ, ¯K (3.11)

´ NP-J� [53].

�1Åê M ªuÃ¡��,©z [54]*	���k��y�,�8I¼ê��Ú�Ç�þ

ã¯K�éómYªu". ©z [54] ?�Ú�Ñ
ù�y��ó§)º: �1Åê8ªuÃ¡

�, Ä�Ì+n¯K (3.11) ÷v¤¢��© (Time-Sharing) 5�; d�õ�^r�±�©E^

(Time-Division Multiplexing) “A��Ó”�1Å, d�^r��Ç«��à�. ©z [53] ?�Ú

|^ Lyapunov ½nî�y², �¯K (3.11) ¥�8I¼ê'u¤k Rk éÜ]�éz�� Rk

üN4O, Kþã"éó(Ø¤á. 'uÄ�Ì+n¯K��«ØÓ�^¼ê�E,5©Û(

J, �ë� [53]; ©z [55] ¥?�Ú£�
�� [53] ¥¢3�Ä�Ì+n¯KE,5©Û�ú

m¯K. 'uÄ�Ì+n¯K (3.11) �Ù¦�{�O�©Û, �ë�©z [54, 56–58].

3.3 ��½tµ

�!¥, ·��Ñ��½tµ [38] E|A^u¦)üaAÏ�à�g�å�g`z]©

�¯K�~f.
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MIMO uÿ (Detection): MIMO uÿ¯K´y�êiÏ&¥�Ä�¯K�� [59]. êÆþ,

MIMO &��Ñ\ÑÑ'X�L«�

r = Hx∗ + v,

Ù¥ r ∈ Cm ��Âà�Â���þ; H ∈ Cm×n �E�&�Ý
; x∗ ∈ Cn L«DÑ�ý¢

&Ò�þ; v ∈ Cm �\5D(. ùp, m Ú n ©O��ÂàÚuxà�U��ê. XJ¦^

M -PSK (M-Ary Phase Shift Keying) �N� (Modulation) �ª, @o x∗ �z��©þ x∗i Aá

u��k�8Ü, = x∗i ∈
{
eiθ | θ = 2jπ/M, j = 0, 1, . . . ,M − 1

}
, i = 1, 2, . . . , n, Ù¥ i �JÜ

ü . b�&�&E H ®�, MIMO uÿ¯KF"ÄuÂ��&Ò r ¡EDÑ�&Ò x∗. êÆ

þ, MIMO uÿ¯K�ï��

min
x∈Cn

‖Hx− r‖22

s.t. |xi|2 = 1, arg (xi) ∈ A, i = 1, 2, . . . , n,

(3.13)

Ù¥ arg (·) L«Eê�Ì�, A = {0, 2π/M, . . . , 2(M − 1)π/M} .

Äu��½tµ��{´¦)¯K (3.13) �k���{��. d�{�Ä�g�´ò¯K

(3.13)ktµ��� (E½ö¢�)��½tµ,,�ÏL����{���¯K����1).

AO/, ¯K (3.13) �DÚE��½tµ´

min
x,X

Trace(QX) + 2Re(c†x)

s.t. Xi,i = 1, i = 1, 2, . . . , n,

X � xx†,

(3.14)

Ù¥ Q = H†H, c = −H†r. duÙé�AÏ(�, S:�{�3 O
(
n3.5

)
�mS¦� (3.14) �

�`) [60]. ê�¢�L², �¥)è (Sphere Decoding) �{ [61, 62] �', Äu��½tµ�

�{3ØèÇ (Symbol Error Rate, SER) 5UÚ�mE,5��
�~Ð��ï [60].

Æö�2�'5�,��¯K´'u¯K (3.13) ���½tµ3�o^�e´;�, =�

o^�e��½tµ�±¦��¯K��`). 'u M = 2 ���½tµ´;��'(J, �

ë�©z [60,63–66].�C,©z [67]|^Ì�&E,3DÚ���½tµÄ:þV\
k�Ì�

� [68,69],JÑ
��#���½tµ,¿y²Ù3�½^�´;�;� M > 2�,�'��½

tµÛ�´;�±9 MIMO uÿ¯K�±°(¦)��#(J�ë� [67,70,71]. 'u MIMO

uÿ¯K�Ù¦k��{, �ë� [70, 72–77].

e1õÅ MISO &�Åå¤/: e1õÅ MISO &�Åå¤/�O¯KF"4�zXÚoD
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ÑõÇ, Ó�÷v¤k^r� SINR �å. êÆþ, d¯K�ï��

min
w

‖w‖2

s.t.
|h†kw|2

σ2
k

> γk, k ∈ K.
(3.15)

ØJ��¯K (3.15) ���½tµ�

min
W

Trace(W)

s.t. Trace(HkW) > γkσ
2
k, k ∈ K,

W � 0,

(3.16)

Ù¥ Hk = hkh
†
k ∈ CN×N , W = ww† ∈ CN×N .

�^rê K 6 4 �, ��½tµ (3.16) k��) [78], d���½tµ (3.16) éu�¯K

(3.15) ´;�. Ï�¯K (3.15) ´ NP-J� [22], ¤±��½tµ (3.16) éu�¯K (3.15) �

�5ùØ´;�. ©z [22] ÄgJÑ|^pd�Åz�E|���¯K����1): Äk|

^pd�ÅzE|3��½tµ)�Ä:þ�)�
�À:, ,�éù
�À:�·��ºÝ

(Scale) C�¦Ù÷v¤k��å, ��lù
�1:¥éÑ�¯K8I¼ê���:. AO/,

éu?¿) w, Xe) ŵ ÷v¤k��å:

ŵ =

√
γkσkw

min
{∣∣∣h†1w∣∣∣ , ∣∣∣h†2w∣∣∣ , . . . , ∣∣∣h†Kw

∣∣∣} .
ÏLþã�ºÝC���¯K (3.15)��1)¿©|^
Ù�å�A5,=�å¥vk�5�.

Ïd, 3��½tµ)�Ä:þ�����1)�E,Ý�~$, �¦)��½tµ (3.16) �

', ÙO�E,Ý�±�Ñ. ¤±, ��½tµ\pd�ÅzE|¦)ü|õÅÅå¤/�O¯

K (3.15) �O�E,Ý´õ�ª�. �¯K�5�, =^r��ê'���, þã�{�±��

�þéÐ�). ©z [22,79] lnØþ©Û
��½tµ�{�5U, y²Ù5U�X^rê K

�O\�5P~. 'u¦)ü|õÅÅå¤/�O¯K (3.15) �Ù¦�{, �ë� [68, 80, 81].

AO/, [68] ¥�Ñ
yk�'u¯K (3.15) �A�k��{�ê�'�.

�c'uü|õÅÅå¤/�O¯K (3.15) ��'ò�Úí2Ì��)Xeü��¡. 1

�, éuü|õÅÅå¤/�O¯K (3.15) uÐ#�Ôn� (Physical Layer) DÑüÑ´��

�~k¿g�ïÄ��.AO/,©z [82–85] ÕáJÑ
��ÄuC.;0 (Alamouti)�?è

Eâ,ù�?èEâêÆþ�±w¤´l¯K (3.15)���DÑEâí2���DÑ.©z [85]

y²,�'u�����½tµ,����½tµ�5U�X^rê�O\¤²��P~;1�,

ü|õÅÅå¤/�O¯K (3.15) �±í2�õ|õÅÅå¤/�O¯K, =XÚ¥�^r�

âI��&E�±©�õ|, ÄÕ�z�|S�^rux�Ó�&E, ØÓ|�^ruxØÓ

�&E. 'uù�¡�ó�, �ë� [86–89].

14



3.4 �O�`z�{

�!¥, ·�Þ~�ã�O�`z�{ [90] (Ü¯KAÏ(�3¦)�`]©�¯K¥

�A^.

MIMO Z6&��� SINR ��z: �Ä MIMO Z6&�¥��� SINR ��z (�du�

��Ç��z) ¯K:

max
{u,v}

min
k∈K
{SINRk(uk,v)}

s.t. ‖uk‖2 = 1, ‖vk‖2 6 p̄k, k ∈ K,
(3.17)

Ù¥ SINRk(uk,v) d (2.1) �Ñ. 5¿�1 k �^r� SINR L�ª (2.1) Ø�6u {uj}j 6=k ,

¤±·�^ SINRk(uk,v) L«1 k �^r� SINR. ©z [91] ò¯K (3.17) �Cþ©�ü¬,

=�ÂàÅå¤/�þ u ÚDÑàÅå¤/�þ (�¹õÇ©�) v, ?�O/`z u Ú v.

AO/, �Cþ v �½�, ¯K (3.17) 'uCþ u kwª), =�5��4�z (LMMSE) �

Â�þ; �Cþ u �½�, ¯K (3.17) 'uCþ v �¯K� MISO Z6&�¥�� SINR ��

z¯K, �3õ�ª�mS¦) [27, 40].

���¹e,=¦z�f¯KÑ°(¦),·�E,ØU�y�O�`z�{�Âñ5 [92].

8I¼ê�1wÜ©±9�å¥Cþ��©5éu�O�`z�{�Âñ5�~�. N´�

E�~y², �8I¼ê�1wÜ©½ö�å¥�CþØ�©�, �O�`z�{�)�:�

�UÂñ���Ã¿Â�: [93]. ¦+¯K (3.17) �8I¼ê´�1w��8I¼ê¥Cþ u

Ú v ÍÜ3�å, ©z [91] |^Cþ uk �Ñy3 SINRk ¥�AÏ(�y²
þã�O�`

z�{�)�:�Âñ�¯K (3.17) �½:. �
?�ÚJpþã�{�O�k�5, [94]

JÑ
���°(��O�`z�{¦)¯K (3.17), ÙzgS��°(/¦)'uCþ v

�`z¯K. �õ�'u�O�`z�{¦)DÑ�ÂÅå¤/�OÚõÇ���ó�, �ë

� [24, 27,42,50,51,95–98].

MIMO Z6&�Ú�Ç��z: �Ä MIMO Z6&�¥�Ú�Ç��z¯K:

max
{uk,vk}

∑
k∈K

Rk(uk, {vk})

s.t. ‖vk‖2 6 p̄k, k ∈ K,
(3.18)

Ù¥

Rk(uk, {vk}) = log2

1 +
|u†kHkkvk|2

σ2
k‖uk‖2 +

∑
j 6=k

|u†kHkjvj |2

 , k ∈ K.

-

ek =
∣∣∣1− u†kHkkvk

∣∣∣2 + u†k

∑
j 6=k

Hkjvjv
†
jH
†
kj + σ2

kI

uk, k ∈ K.
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þã½Â� ek ¢S�^r k éA�þ�� (MSE). N´�y:

max
uk

Rk(uk, {vk}) = max
uk

log2

(
e−1k
)
, k ∈ K.

þã¯K��`)� LMMSE �Â�þ. ?�Ú, Ú\9ÏCþ wk, �y�¯K (3.18) �du

Xe¯K:

min
{uk,vk,wk}

∑
k∈K

(wkek − ln(wk))

s.t. ‖vk‖2 6 p̄k, k ∈ K.
(3.19)

¦+�¯K (3.18) 'uCþ vk ´pÝ��5�, Ù�d¯K (3.19) 'uz��Cþ�`z¯

KÑ´“{ü”¯K. AO/, ¯K (3.19) 'uCþ {wk} kwª) wk = 1/ek; ¯K (3.19) 'u

{uk} kwª) (LMMSE); ¯K (3.19) 'u {vk} ��k¥�å�à�g5y, ��~N´¦

).¦)¯K (3.18)� WMMSE �{ [26,99,100]Äuþã*	,�O/`zz�|Cþ,¤±

WMMSE �{��þ´���O�`z�{, Ù|©�?3u|^�¯K (3.18) �AÏ(�,

òÙ,�����p��m¥���5§Ý�$��d`z¯K (3.19).

þ¡·�± MIMO Z6&�¥�Ú�Ç��z¯K�~{�0�
 WMMSE �{. ¢S

þ, WMMSE �{�±^5¦) MIMO Z62Â&�¥����^¼ê���z¯K [26]. ?

�Ú, ©z [101] y²
 WMMSE �{¢Sþ��«AÏ�ëYà%C�{, Ù¥�9ÏCþ

{wk} ´à%CL§¥éA�Xê. 'u WMMSE �{?�Ú�í2ÚA^, �ë� [102–105];

'u�O�`z�{�nã©Ù9Ù3��+�¥�A^, �ë� [10, 90,106].

3.5 DÕ`z

�!¥, ·�Þ~`²DÕ`z [107] E|3�`]©�¯K��.ïáÚ�{�O�

¡�A^.

MIMO Z6&�ÄÕÜ©Ü�:�Äõ^rZ6&�,Xã 1¤«:1�« (4à)�¹´��

ÄÕ�mÑÖ^r�&EÕá, =1 k �ÄÕÑÖ1 k �^r, ¤k�ÄÕÜ��O�g�Å

å¤/�þ (�¯K (3.18)); 1�« (4à) �¹´¤kÄÕ����¤k^r�&E, ù�¤

k�ÄÕ�±w¤´����J[ÄÕ (�¯K (3.3)). 3þã1�«�¹¥, ÄÕØI���

^r�&E, Ù`:3uÄÕ�ÄÕ�m�Ï&K1é$, Ù":3u��XÚ�DÑ5U�

Ué�; 3þã1�«�¹e, ¤kÄÕ��¤k^r�&E, ¤kÄÕ��Ü�, ¤±�±�

w¤��J[��ÄÕ, Ù`:3u��XÚ�DÑ5U¬'1�«Ðéõ, Ù":3u, �X

Ú¥�ÄÕêþ�õ�ÄÕ�m�Ï&K1Lp.

3É��ä (Heterogeneous Network) ¥, �3�þ��. (Micro/Pico) ÄÕ, éu,��

^r,ù
ÄÕ¥��Ü©�±Ü�/¤��J[ÄÕÑÖT^r,ù«�ª0uþãü«4à

�m,¡�Ü©Ü� (Partial Cooperation)½ög·AÜ� (Adaptive Cooperation) [18,108,109].
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AO/, ©z [102] Äkb�¤k�ÄÕ��Ü�, ,�3dÄ:þr½ÙÅå¤/�þ¥�,


¬�", /¤Ü©Ü�. êÆþ, b� wk = [wT
k1,w

T
k2, . . . ,w

T
kK ]T ∈ CN×1 �¤kÄÕé1 k

�^r¦^�Åå¤/�þ, Ù¥1 j ¬ wkj = 0 �du1 j �ÄÕvkë�1 k �^r�

DÑ, ¤±·�F"�þ wk ´¬DÕ�. êÆþp�¬DÕ��«k���{´V\�K�

‖wkj‖2 [110]. Äuþã*	, ©z [102] |^DÕ`z�g�ïá
 MIMO Z6&�ÄÕÜ©

Ü�Åå¤/�O¯K�DÕ`z�.:

max
{uk,wk}

∑
k∈K

Rk(uk, {wk})− λ
∑
k

∑
j

‖wk,j‖2

s.t. ‖vk‖2 6 p̄k, k ∈ K,
(3.20)

Ù¥,

Rk(uk, {wk}) = log2

1 +
|u†kHkwk|2

σ2
k‖uk‖2 +

∑
j 6=k

|u†kHkwj |2

 , k ∈ K,

Hk = [Hk1,Hk2, . . . ,HkK ] , k ∈ K, λ > 0 ���DÕÝ��Kzëê, =ÄÕ�Ü�§Ý. ©

z [102] ?�ÚuÐ
 S-WMMSE �{¦)¯K (3.20). 'uÄÕÜ©Ü���õó�, �ë

� [103,104,111–117].

SISO Z6&�éÜõÇ/�\��: �Äõ^r SISO Z6&�¥�éÜõÇ/�\��¯K,

=�¯K (3.1) Ø�1�, XÛl^r8Ü K ¥ÀÑ¦�Uõ�^r, ¦�XÚU
Ó�|±

ù
^r (XÚ|±��^r��A^r� SINR �u½�uÙ SINR 8I), Ó���zoD

ÑõÇ. �
Qã�B, ·�Ú\8�z&�: ^ q = (q1, q2, ..., qK)
T L«8�z±��õÇ©

��þ; ^ c = (c1, c2, ..., cK)
T L«8�z��D(�þ, Ù¥

ck =
γkηk
gkkp̄k

> 0, k ∈ K;

^ A ∈ RK×K L«8�z±��&�Ý
, Ù¥ A �1 (k, j) ����

akj =


1, XJ k = j;

−γkgkj p̄j
gkkp̄k

, XJ k 6= j.

|akj | �±w�8�z±��&�OÃ. Ý
 A �é���Ñ´ 1, �é���Ñ´���, ù

�(�A�éu�O�{¦)éÜõÇ/�\��¯K�~�. Äu8�z&�ÚÝ
 A �

AÏ(�, ©z [118] y²
éÜõÇ/�\��¯K�duXeDÕ`z¯K:

min
{q}

‖Aq− c‖0 + α p̄Tq

s.t. 0 6 q 6 e,

(3.21)
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Ù¥ëê α ÷v 0 < α < α1 , 1/p̄Te. ©z [118] ?�Úy²: ¯K (3.21) ��`) q∗ �½

÷v c −Aq∗ 6 0, � (c−Aq∗)k = 0 ��=�1 k �^r� SINR �uÙ SINR 8I γk. ©

z [118] JÑ^ `1 à�.%C `0 �. (3.21), ¿uÐ
��k��^rÅÚíØ�{¦)éÜ

õÇ/�\��¯K. ©z [119] JÑ^Xe `q (0 < q < 1) �à�.%C `0 �. (3.21):

min
{x,q}

‖Aq− c‖qq + α p̄Tq

s.t. 0 6 q 6 e.

(3.22)

©z [119] í2
 [120–122] ¥��{, uÐ
��õ�ª�m�³¼êeü�{U
¦��

à%C�. (3.22) �½:, ?uÐ
��Äu�à%C�^rÅÚíØ�{¦)éÜõ

Ç/�\��¯K. ê�¢�L²Äu�à�.��{5U(¢ÐuÄuà�.��{5U. ©

z [119] �y²��ëê q À��¿©�, @o `q %C�. (3.22) äk°(¡E5�, = `q �

. (3.22)� `0 �. (3.21)k�Ó��`),Ó�Þ~`²à `1 %C�.Øäk°(¡E5�.

'u SISO Z6&�éÜõÇ/�\���Ù¦�{, �ë� [36, 123–125]; 'uéÜÅå¤/

Ú�\���ó�,�ë� [126–129]; 'u/X (3.22)�à�1w¯K�nØ©ÛÚ�{�O,

�ë� [130].

���J�´, ù«¢SA^¥�Ø�1¯K�°Ä
�'`znØ��{�uÐ. 'u

ù�¡�?Ð, �ë� [131–133]. Ù¥, [133] �Ä
��/ª�I5y¯K, Áã3Ø�1§Ý

���:¥Ïé��¦�8I¼ê�`�:. d!�Ä�¯K�´ù«��¯K�AÏ�¹.

¹�^ruÿ (User Activity Detection): °þÅìaÏ&���]Ô3uÄÕUl�þd

3ë��^r¥¯�O(/(½Ñ¹��^r, ,��Ñ�¹��^r, �é¹��^r?1

êâÂu, ù��±!��þ�XÚ��m� [134,135]. d¯K�êÆ�.�

Y =

K∑
k=1

αksk
√
gkh

T
k + Z, (3.23)

Ù¥ Y ∈ CL×N �ÄÕÂ��*ÿ&Ò; αk L«1 k �^r´Ä¹�, αk = 1L«1 k �^r

¹�, αk = 0 L«1 k �^rØ¹�; sk ∈ CL �1 k �^r��ªS�, z�^r��ªS�

ØÓ, �üüØ�½��;
√
gkhk ∈ CN×1 L«ÄÕÚ1 k �^rm�&��þ, gk �L�ºÝ

Pá (Large-Scale Fading), hk �La|Pá (Rayleigh Fading), ÑlIO��©Ù; Z ∈ CL×N

�pdD(Ý
, z�©þþ��", ��� σ2. 3þã¯K¥, K �¤k^r�ê, L ��ª

S���Ý, N �ÄÕàU���ê.¹�^ruÿ¯KF"Äu*ÿ&Ò Y Ú�ªS�Ý


S = [s1, . . . , sK ] ∈ CL×K ¯��O(uÿÑ¹��^r, ==
^réA� αk = 1 =
^ré

A� αk = 0.3þã¯K¥,o^rê K ����,�3z���¹�^r��ê�éu K �

�.

|^�þ [α1, . . . , αK ]
T �DÕ5, ©z [136–138] òþã¹�^ruÿ¯Kï��ÄuØ

 a��1DÕ`z¯K, JÑ|^Cq&ED4 (Approximate Message Passing, AMP) �{
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¦)þã�., ¿©Û
�{�nØuÿ5U. ¦)þã�.�±Ó�uÿÑ¹��^r¿¡

EÑ¹�^r�&�&E. ¹�^ruÿ¯K�,�«ï��ª´ò
{
γk , gkαk

}
w¤(½�

��ëê, |^&�ÚD(�ÚOA5ò�'¯Kw�ëê�O¯K [139]. äN/, Ï� {hk}

ÚD( ZÑÑl��©Ù,@o Y �1 n� yn ∈ CL×1 Ñl yn ∼ CN
(
0,SΓS† + σ2

wI
)
. ?

�Oëê γ ���q,�O�.�±�d��

min
γ

log
∣∣SΓS† + σ2

wI
∣∣+ Tr

((
SΓS† + σ2

wI
)−1

Σ̂
)

(3.24a)

s. t. γ > 0, (3.24b)

Ù¥ Σ̂ = YY†/N �æ����Ý
, Γ = Diag{γ} ∈ RK×K , γ = [γ1, . . . , γK ]T ∈ RK×1. du

þã�.==�6u*ÿÝ
 Y �æ����Ý
, Ïdq�¡�Äu���Ý
��.. ê

�¢�ÚnØ©ÛÑL²Äu���Ý
�.�uÿ�JÐuÄuØ a�DÕ`z�.�u

ÿ�J [140, 141]. AO/, ©z [141] �x
Äu���Ý
�. (3.24) �)�ì?��5Ú

�OØ�©Ù, ¿y²�U�ê N ªuÃ¡�Äu���Ý
��. (3.24) �±ÃØ/uÿ

O(L2) �È4^r.

yk¦)¯K (3.24) ��{�)�Ieü�{ [139, 142, 143], Ï"��z (Expectation

Minimization) �{ [144] ±9 SPICE �{ [145], �Ieü�{3ùna�{¥¦)�Ç�p.

�Ieü�{|^¯K�AÏ(�zg��#��Cþ (�½Ù¦Cþ),zg�#Ñk4ª),

ÏdO�þé�. ©z [146] ¥|^¯Ký)�DÕ5�O
È48�{¦)¯K (3.24). È4

8�{�Ä�g�´zgS�]ÀÑ¤k^r���f8 (¡�È48), ,�¦)½Â3È4

8þ��5�¯K. du¯Ký)�DÕ5, XJzgÈ48À��T�, @o½Â3È48þ

`z¯K��ê�'u�¯K��êò¬�éõ,l4�/JpO��Ç.ê�¢�L²È4

8�{�O��Çpuvk|^¯Ký)DÕ5��Ieü�{ [146].'u¹�^ruÿ¯K

��#?Ð,~X^rÚêâéÜuÿ!ÿþØ��ÓÚ!õ�«��uÿ�,�ë� [147–152].

3.6 ©ª5y

�!¥, ·��ã©ª5y [153] E|3U��.¦)±9�`]©���.{z�¡

�A^.

SISOZ6&�U�4�z:Cc5, “U�”��ÉÚÏ&���IÉ�2�'5.ùp,U�

´�ü õÇ|±�DÑ�Ç. õ^r SISO Z6&�¥�U�4�z¯K�±ï��:

max
{pk}

∑
k∈K

log2

(
1 +

gkkpk∑
j 6=k gkjpj + ηk

)
∑
k∈K

pk + Pc,k

s.t. 0 6 pk 6 p̄k, k ∈ K.

(3.25)
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þã8I¼êL«��XÚ�oU�, Ù¥©fÚ©1©OL«oDÑ�Ç9ou�õÇ. U

�ù��Iäk©ª/ª, Ïd, ©ª5yE|3U��.�¦)¥u�X��^. e¡·�

�Ä¯K (3.25) �¦).

²;�©ª5y�{,X Dinkelbach�{ [154], Charnes-Copper�{ [155,156]þ�¦©f

´�K]¼ê,©1´ð�à¼ê,¯K (3.25)�©f'uCþ {pk}´�]�.�«²;��

{´|^S�©ª5yE|, =ÏL¦)�X�{ü�]-à©ª¯K, ÅÚ%C���¯K�

½:.ù«�{¢Sþ´òà%Cg� [157]Ú©ª5yE|(Üå5.äN/`,ù´��V

�S��{.	�S�Äu�cS�: {pk}�#©f�e. g(p, pt),S�S�|^ Dinkelbach

�{¦)�c�]-à¯K. ùp, g(p, pt) ´�Ç¼ê3�c:�]Cq [157]. éuþã SISO

U��. (3.25), aq©z [158] ¥��{, ·��±À�

g(p, pt) =
∑
k∈K

gk(p, pt) =
∑
k∈K

(ak log2(SINRk) + bk) ,

Ù¥, ak =
SINRk

1 + SINRk
, bk = log2(1 + SINRk)− SINRk

1 + SINRk
log2(SINRk). 2é {pk} ?1Cþ�

� pk = ep̃k , �±���A�]-à�..

|^S�©ª5yE|¦)U��.�©z��) [159–161]. Ù¥, ©z [159,161] òþã

(J©Oí2�õ1Å SISO Z6&�±9 MIMO ¥U (Relay) Z6&�¥. [160] |^S�©

ª5yE|¦)õ^r MIMO XÚ�U��.. |^©ª5yE|¦)U��.��õ©z,

�ë� [162,163], |^©ª5yE|¦)U��.�nã©Ù, �ë� [29].

SISOZ6&�þ1^rNÝ (User Scheduling) �õÇ©�: &ZD'ÚDÑ�Ç´ïþÃ

�Ï&5U���I. &ZD', X (2.1)(2.3)(2.4), U,äk©ª/ª, �Ç¼ê (2.2) ´

éê¼ê�©ª¼ê�EÜ. ù«E,�¼ê/ª¦��A�Ã�Ï&¯K, AO´Ú�Ç4

�z¯KéJ¦). �éda¯K�AÏ(�, ©z [164, 165] JÑ
�gC�Ú.�KFéó

C�, Ø=��J,
da¯K�¦)�ÇÚ�þ, ��©ª5ynØ5\
#mÉ�.

e¡·�± SISO &�¥þ1^rNÝ�õÇ©�¯K�~, �ã�gC�Ú.�KFé

óC��k�5. �Ä·¶�ä (Cellular Network), z�ÄÕ�Ú§'é�^r�¤���«

(Cell). 3 SISO XÚ¥z�ÄÕ�k��U�, Ïd=¦���«¥kõ�^r, 3z��Y

(Time Slot) ��Uk��^r�ÄÕuxêâ. XÛÀ�ó��^r, ±9�ù
^r©�õ

�õÇ´·��)û�¯K. 3êÆþ, ù�¯K�±�ï��

max
{p,s}

∑
i∈B

ln

(
1 +

gisipsi∑
j 6=i gisjpsj + ηi

)

s.t. 0 6 pk 6 p̄k, k ∈ K,

si ∈ Ki ∪ {∅},

(3.26)

Ù¥, B ´¤k�«�8Ü, Ki ´1 i ��«¥^r�8Ü, s ´NÝCþ, si = k �31 i �
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�«¥^r k �ÄÕ i Dxêâ,  si = ∅ �1 i ��«¥vk^rDÑêâ. ùp·�^

ln(·) ¼ê�O log2(·) ¼ê, ØK�¯K��`). þã¯K´��E,�lÑ`z¯K, Ø=

8I¼ê´�à�,�lÑ�NÝCþ {sj}��3�å,ù�¯K�¦)�5
é��(J.©

z [165] �Ä|^�gC�Ú.�KFéóC�éþã�.?1{z. Äk, |^.�KFéó

C� [165], ·��±ò©ª¼êléê¼ê¥©lÑ5, ��Xe�d¯K

max
{p,s,γ}

∑
i∈B

(
ln(1 + γi)− γi +

(1 + γi)gisipsi∑
j∈B gisjpsj + ηi

)

s.t. 0 6 pk 6 p̄k, k ∈ K,

si ∈ Ki ∪ {∅}.

(3.27)

?�ÚA^�gC� [164], ·��±òþã8I¼ê¥©ªÜ©�©f�©1©lm5, ��

max
{p,s,γ,y}

∑
i∈B

ln(1 + γi)− γi + y2i ηi + 2yi
√

(1 + γi)gisipsi −
∑
j∈B

y2j gj,sipsi


s.t. 0 6 pk 6 p̄k, k ∈ K,

si ∈ Ki ∪ {∅}.

(3.28)

N´wÑ, � (s,p) �½�, ¯K (3.27) 'u γ kwª). � (s,p) Ú γ �½�, ¯K (3.28)

'u y kwª). � γ Ú y �½�, si �Ñy38I¼ê�1 i �¥, � {sj}j 6=i Ã'. Ïd,

(s,p) �N´(½. ¦)¯K (3.26) �©ª5y�{ [165] ÄuXþ*	, �O`zz�|Cþ

?1¦). d	, ©z [166] y²
þã�O�#Cþ��{��þ´�« MM (Minorization-

Maximization) �{, ¿ò�gC�Ú.�KFéóC�í2�Ý
�/.

8c��2�ïÄ�·ÜÅå¤/ (Hybrid Beamforming) �. [167] 9�U��¡ (Intel-

ligent Reflecting Surface)�. [168]þ¹kCþ�¦È�.ù«E,�(��¯K�¦)�5


���]Ô. �gC�Ú.�KFéóC��édaE,��.?1{z, 'uù�¡�ïÄ

�ë� [169–171]. #�Ï&EâÚ���¬�)�õ��kAÏ(��`z¯K, ù
`z¯

K�¬°Ä�õ�`z�{�ïÄ.

3.7 �ê5y

�!¥, ·��Ñ�5�ê5y [172] E|3�ä�¡ (Network Slicing) ¯K��.ïá

�A^.

�ä�¡¯K: �Ä�ä�¡¯K, T¯KÁãòõ�J[�ä�¦, ¡�õUÑÖó (Service

Function Chain, SFC), N�����Ôn�ä. Ôn�ä�L«� G = (I,L), Ù¥, I Ú L ©

O��ä¥!:�8ÜÚ>�8Ü./Ï�äJ[zEâ (Network Function Virtualization), ·

��3�ä¥��
!: (V ⊆ I) Jø
7��õU?n, X�»p!K1þïì!���©
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uÿ� [173]. ¡UJøõU?n�!:�õU!:. ã 3 �Ñ
Ôn�ä���{ü~f, Ù

¥7Ú!: (C Ú E) L«õU!:. z�^õUÑÖó k ∈ K ´lÐ©!: S(k) ∈ I �8

�!: D(k) ∈ I �êâ6, Têâ6�¦kS?nA½�õUü� fk1 → fk2 · · · → fk`k (Ù¥

`k ∈ Z+) [174, 175]. ã 4 �Ñ
�^�¦kS?nõUü� fk1 → fk2 �õUÑÖó. òõU

ÑÖó k N��Ôn�ä G �¦ (i) òz�õUü� fks N��Ôn�ä¥A½�õU!:

vks (s ∈ F(k) := {1, . . . , `k}); (ii) òJ[> (fks , f
k
s+1) N��Ôn�ä¥l!: vks �!: vks+1

��ä6, P� (k, s). 5¿, ùp�
ÎÒ��B, ·�b� fk0 Ú fk`k ´J[�õUü��

vk0 = S(k) Ú vk`k = D(k). XÛÏLÜn/©��ä] (õU!:�O�Uå!>��°�)

ò¤k�õUÑÖóÓ�N�����Ôn�ä G ´���©��ïÄ¯K.e¡·�0�

T¯K�êÆ5y�..

A

B

C

D E

õU!:

ã 3 �ä�¡¯KÔn�ä«¿ã.

S(k) fk
1 fk

2 D(k)

ã 4 �ä�¡¯K�ÖõUó«¿ã.

·�Ú\ 0-1 Cþ xv,s(k) L«õUü� fks ´ÄdõU!: v ?n. ·��¦z��õU

ü��Ud�ä¥���õU!:?n:∑
v∈V

xv,s(k) = 1, ∀ k ∈ K, ∀ s ∈ F(k). (3.29)

AO/, XJõU!: v ØU?nõUü� fks , ·��{ü�� xv,s(k) = 0. - λ(k) L«êâ

6 k ∈ K �6þ. �õU!:z?n�ü �êâ6I��Ñ (IOz�) �ü �O�Uå.

·��¦3!: v ?n�êâ6�Ñ�oO�UåØU�L µv :∑
k∈K

∑
s∈F(k)

λ(k)xv,s(k) 6 µv, ∀ v ∈ V. (3.30)
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-Cþ rij(k, s) L«�ä6 (k, s) 3> (i, j) þ�6þ. K6Åð�å�L«�:

∑
j:(j,i)∈L

rji(k, s)−
∑

j:(i,j)∈L

rij(k, s) = λ(k) ∗ bi,s(k), ∀ i ∈ I, ∀ k ∈ K, ∀ s ∈ F(k) ∪ {0}, (3.31)

Ù¥

bi,s(k) =



−1, XJ s = 0 � i = S(k);

xi,s+1(k), XJ s = 0 � i ∈ V;

xi,s+1(k)− xi,s(k), XJ 1 6 s < `k � i ∈ V;

−xi,s(k), XJ s = `k � i ∈ V;

1, XJ s = `k � i = D(k);

0, Ù¦.

·��¦3> (i, j) þ�o6þØU�LÙNþ Cij :

∑
k∈K

∑
s∈F(k)

rij(k, s) 6 Cij , ∀ (i, j) ∈ L. (3.32)

ÄuþãCþÚ�å^�, ©z [176,177] ò�ä�¡¯Kï��

min
{x, r}

∑
(i,j)∈L

∑
k∈K

∑
s∈F(k)

rij(k, s)

s.t. (3.29)− (3.32),

xv,s(k) ∈ {0, 1}, ∀ v ∈ V, ∀ k ∈ K, ∀ s ∈ F(k),

rij(k, s) ∈ {0, 1}, ∀ (i, j) ∈ L, ∀ k ∈ K, ∀ s ∈ F(k),

(3.33)

Ù¥8I¼ê���z���ä�6þ. AO/, §�;��ä6 (k, s) k�. 'u�ä�¡¯

K�Ù¦8I¼ê,ë�©z [178, 179]. ¯K (3.33) ´���5 (·Ü) �ê5y¯K, /Ï8

c¤Ù��5�ê5y¦)ì (X CPLEX [180], GUROBI [181]),·����Ù�Û�`).,

, ¯K (3.33) ´r NP-J� [176], Ï8c��{�Ü©Ñ´éuª�{, XÄu�55y

tµ���éuª�{!�[ò»�{!BR�{�.

3 5G�ä¥,õUÑÖó�àéàò´���~� [182].AO/,õUÑÖó�àéà

ò´Ì��)üÜ©: (i) õUü�3õU!:�O�ò´; (ii) ?n��ü�õUü��ü�

Ôn!:�m��ä6�DÂò´. ¢SA^¥  �¦õUÑÖó�àéàò´Ø�L�½

�K� [183]. ©z [178, 184, 185] ïá
�ÄõUÑÖó�àéàò´�å��ä�¡¯K�

�5 (·Ü) �ê5y�.. ©z [186] �O
Äu�55ytµ���ÚU?�{¦)T¯K.

'u�ä�¡¯K��õó�, �ë� [175,183,187].
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4 �5uÐ��ÚÐ"

�X 5G����5Ú� 5Gýï�m©,Ã�Ï&Eâ?\
#�¯�uÐ�ã.#Eâ

#���Ú\�Ï&�]��¯K�5
#�]Ô. �Ù=�ÞA�Ã�Ï&uÐ���

�±øÖöë�.

Ï&a��Nz: Ï&�X�a��À�e��Ã��ä�ü«Ä�õU. ykX��Ï

&XÚ�M�e�!&�A5±9&Ò?n�{®²�©�C.lEâ�Ýw,üö��Nz®

¤7,ª³. ¥Ió§�3 2020 c.uÙ5�¥ó§c÷ 20206�w¥ò“Ã�Ï&�a��

NzEâ”��&E>f+�ó§muc÷ Top 2. u�3 2020 �¥£Ä°�Ø�þJÑ
Ù

é 5.5G �n��µ, Ù¥��=�“KÜa�Ï&”, �¦·¶�äQUJøÏ&Uå, �UJ

øa�Uå. Ï&a��Nz´��#�ïÄ��, =3Ó�XÚþ¢yÏ&�a�õU. Ï&

�a�?ÖÏ~äkØÓ�5U�I, ~XÏ&�5U�IÌ�´ØèÇ!DÑ�Ça��

5U�IÌ�´��þ��!uÿVÇ�.Ïd,Ï&a��Nz¥����¯KÒ´üö�

Ôn�5U`z. ��;.~f´Ï&a��NzÅå¤/, I�nÜüö�5U�Iï�¿

¦)`z¯K. Ï&a��Nz¥�,���¯K´l&EØ�Ý�xüö�m�Ä�nØ

5U>.. IEEE Ï&Æ¬u 2021 c#¤á
��#,Eâ�Æ�
¬ (Emerging Technology

Initiative), ÙÌK=�Ï&a��Nz, �� https://isac.committees.comsoc.org/.

êâ°Ä��5Ï&�ä: �5Ï&�ä¥, 3êâ°ÄeKÜÅìÆSÚ<ó�UEâ

´��9�ïÄ��. �± Äu�.�Ï&�ä�ïÄ�', TEâ���A:3u��.

z (Model Free)!êâ°Ä (Data Driven) Úg·A5 (Adaptivity). Ã�XÚ�O¤¡���

�Ä�]ÔÒ´3(J�^�e+n¿�©�], ±÷v6þI¦. DÚ�)û�{´Äu

+��£Ú²�éXÚ?1ï�!©ÛÚ�[,l�½Ñäk�é5�5K.3�8��ä�

¸e, 6þ¥yÑõ�zÚÄ�z�uÐª³, ¿��äÚ]�e�ÑC��\E,, ÏdT

�{¡�X�5���]Ô. �5��ä7Lä�gÆSÚg·AUå, lU÷v^r��!

Ã�^�Ú�«A^)¤�6þA�¤JÑ�I¦. ÅìÆSAO´�ÝÆSÚrzÆSEâ

�±ÏLéL��1��ª!ÑÑ¤J±9Ú��ä½öÙ§�äþ�aq¢N�1�?1Æ

S, ¦��ä�ûü�þ±YJp. �cÚ�5�ä1�Ú5UÏ�'L��\Ä�ÚØ�ý

ÿ. �X�ä$E�`z��:l�ä5U=C�^rN�, DÚ��{ØÚóä®²Ã{�

þ���uÐ�Ú, 7Læ^#�Äu�êâ©Û�Eâ5|±ØÓ��ä¦^�.. XÛl

°þÃ��äêâ¥©Û�ä1�±Jp^r�N�±9J�kd��&E´���~��ï

Ä��K.

Ã�Ï&A^°Ä�`z�{: �X#Eâ (X��5�U�
�Eâ�) #�� (X�U

��¡�) �ØäZy, Ã�Ï&XÚ`z�O¥�¯K�¥yÑ#�ª³. 1�, ¯K�5�

�5��. ~X, yk�ÄÕ�kA�U�, �5���5�U�
�|µe�ÄÕ�UCk

¤zþZ�U�; �U��¡¥��ü���ê�´¤zþZ. qdu¢�5��¦, ù�XÚ
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Optimization Problems and Methods for Resource Allocation

in Wireless Communications

Ya-Feng Liu & Zheyu Wu & Wei-Kun Chen & Yu-Hong Dai

Abstract Many problems arising from communication system design can be formulated as optimization

problems. On the one hand, these optimization problems are often highly nonlinear, and thus in general

difficult to solve. On the other hand, they have their own special structure, such as hidden convexity and

separability. Designing efficient optimization algorithms for solving these problems based on their special

structure has been a hot research topic in recent years. This paper focuses on optimization methods for

resource allocation problems in wireless communication system design. Taking optimization theories and

algorithms as the main line, this paper introduces their applications in solving resource allocation prob-

lems, including how conic programming reveals the hidden convexity in specific non-convex problems, how

Lagrangian duality helps to characterize the structure of their optimal solutions, how sparse optimization

and integer programming techniques help to formulate the related problems and how semidefinite relax-

ation, alternating optimization and fractional programming help to design efficient algorithms. Finally,

this paper gives a prospect of some future research directions and key problems in wireless communication

system design.

Keywords semidefinite relaxation, alternating optimization, duality theory, multiuser interference

channel, fractional programming, complexity analysis, wireless communication system design, sparse

optimization, integer programming
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