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== VISION FOR 5G COMMUNICATIONS
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= OVERVIEW
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*BF: beamforming
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== CHALLENGE IN MILLIMETER WAVE COMMUNICATION

" Excessive power consumption
: caused by large number of antennas/RF components and high sampling rate of mmWave systems

Conventional Solution (A) Conventional Solution (B)
4 ) 4 N\ )
Conventional MIMO receiver Low-resolution ADC receiver Hybrid beamforming receiver
Low resolution
—_— ( ) R ~\ / N\ o N
i RF N RF [ 1 [ :
(=1 YLW e L e
1 1
RF —> RF I 1 L 1 1 RF
l chain ADC chain -Ei@ : i e : chain -@3 Baseband
Combiner 1 RF )
RF Baseband |+ | : : Baseband : '- ADC [ Combiner
chain ADC Combiner c:\:in ADC : Combiner _> : W E 1@ W
: Wsgg |- : ! P w Nt WRF | : : BB
Ny . Nrr . . N,. Nep! 1 BB |, T i Vrp ;
o : R ; I N
T - . Gl el e
it A
chain N chain RGP : 1 —
N L\ ) ‘mnmee!
* Full-resolution ADC (12 — 16 bits) * Low-resolution ADC (<<I2bits) * Full-resolution ADC (12 — 16 bits)
* Full RF chains (Ngr = N * Full RF chains (Ngr = N * Fewer RF chains (NrRF<< N
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= LOW POWER RECEIVER ARCHITECTURE

( , , ) Considered receiver (BS) architecture
Low-resolution ADC receiver
Low resolution g . . . ) FMO&Heathl 7]N
Pgiuinia N ) Hybrid beamforming with low-resolution ADC receiver
(e
CLOE T AN -
SO| A l chain | N—o i Baceband ' : Low Resolutlon( ~\
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i ! ' Analog i I 1
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% 3 Reduced number of RF chains + Reduced number of ADC bits
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Problem

Naive combination of low-resolution ADCs and hybrid beamforming
: applying techniques for hybrid BF with perfect quantization does not work well
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== CONTRIBUTIONS

"= How to improve new system performance!?

@ optimize architecture and/or technique to efficiently reduce quantization error

MAC perspective PHY perspective
7 N ( \
[ User scheduling ] [ Resolution-adaptive ADCs ] [ Antenna selection ] [ Two-stage analog combiner ]
Contribution | Contribution 2 Contribution 3 Contribution 4
Y {” Analog combiner ¥ e
Aoc| L L I ¢ I { Analog combiner Y
| 1 1 1 1
Y i RF Y ! .
: * I\ chain 1 s
ADC J—LI.LI,I‘I-LLLIJ e ><_L RF YL |
D . . i - ADC
o 1 s chain ] 3
| Dl Wie W Was, [ 2
I . 1iVRF* .l - 2 ]
Ny E . : . i -h<= ADC
ADC i . : T | |
‘Z ] I {_chain . s
1 . 1 1 1
A /’ ‘\~ ________________ ,/I
Switch-based Phase shifter-based
Optimize: set of users Optimize: ADC bits Optimize: analog beamformer
. AN y
MAC: medium access control layer PHY: physical layer
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Contribution |

UPLINK USER SCHEDULING FOR HYBRID
RECEIVERSWITH LOW-RESOLUTION ADCS

Discussed in the PhD Qualifying Exam and Included in the PhD Dissertation

Related publications:

[I]. Jinseok Choi, Gilwon Lee, and Brian L. Evans, "Millimeter-Wave MIMO User Scheduling for Low-Resolution ADC Systems", IEEE
Transactions on Wireless Communications, vol. 18, no. 4, pp. 2401-2414,Apr. 2019.

[2]. Jinseok Choi, and Brian L. Evans, "User Scheduling for Millimeter Wave MIMO Communications with Low-Resolution ADCs", IEEE
International Conference on Communications, May 20-24, 2018, Kansas City, MO, USA.
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= SYSTEM MODEL

Q Multi-user MIMO uplink system e SRR

. . . . . : Low resolution

= Single cell environment with K users with single antenna : P e . N

= Selects N, < Ngp users to serve

=  Uniform linear array (ULA) antennas

* DFT-based analog combining : ; _ +3| Baseband
. - , D : | Combiner

= Zero-forcing digital equalizer . Wrp o

[Akdeniz&Rappaport14]
O Millimeter wave channel model with limited scattering

e Channel Path gain

N, v . small L«
h, = L—;: Z gﬁ,k?(fe,k) * sparse in beam domain

— angle of arrival (AocA)

- array response vector (ARV)

1 Beam domain projection by using Wy
= A=la(by),---,a(0n,)] ®» DFT matrix

510
=]
: S 0
= Beam domain projection: hy, = Wi.rh 5, 0 0 v
", 2 10 2 qyanglebin
Notations %
A : matrix

Beam domain channel

a : column vector
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== MOTIVATION & PROBLEM FORMULATION

1 Non-negligible quantization error
AWGN: minimized by previous criteria

= Achievable rate of user k /
(I)hka_hbk/ k#k’
a’py ) maximize ||7h [&
rie(Hp) =log, [ 1+ - 5 = bk
Q ||sz,k|| T sz,quq(Hb)sz,k
AWGN Quantization noise (QN) QN: requires additional condition

(1), (2) cannot minimize quantization error
Rqq(Hp) = afdiag(p, HoHY + Ing.)

(d Maximum sum rate and fairness problems

= Maximum sum rate user scheduling o set of scheduled users

I
Pl: S = argmax E ri(Hp(S))
SC{1l,...K}:|S|<Nu ;cs 4 ) _ _

....................................... eam doma|n Channel Of users in S

" Proportional fairness (PF) scheduling

weight of user k at time t

P2: k= argm]?X Tk (t)/,uk (t) indicator function
v

where pp(t+1) = (1 = 8)ux(t) + 07k () 1ikes,y

: first-order auto-regre55|ve filter i regression rate Parameter in (0’ I)
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= NEW SCHEDUILNG CRITERIA & SIMULATIONS

L New scheduling criteria

|. Unique *AoAs for channel paths:

.................................... index Set of nonzero channel gains

2. Equal power spread within each channel:

|Pbis(k) | = \/'YS(k)/LS(k) for i € Lsk)-
_ : - number of nonzero channel gains for user S(k)
b total channel gain for user S(k)

O Proposed user scheduling methods

Set Filtering Selection Update
) ; i i
[Yoo&Goldsmith06] .
Max | Semi-orthogonality Approximated SINR
Sum ° | S(z)hbyk| _ m]?X SINR (Hb (SU {k}))
€
£ 1T,k |
Prop | soacial orth [Lele_‘géS“ngm] Approximated weighted rate AR filter
. atial orthogonali
N SO bl logy(1+ SINRy(H(S, U (k) [~ (D)
1Bs@y N Bi| < Now i e (t) Vk € S,
. ‘ Y, _i
apy [y i [*

where SINR;,(H,(SU{k})) ~ (1 -l D(HL(S U {k})) hy

*AoA: angle of arrivals
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CONTRIBUTION I: USER SCHEDULING

Fig. |: Rate vs.Tx power
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= SUMMARY

r

Channel structural scheduling criteria

|.  Unique *AoAs for channel paths:

ﬁg(k) M ﬁg(k/) =0 if k # K.

ll.  Equal power spread within each channel: %

|Pbi,8(k) | = \/VS(k:)/LS(k) for i € Ls)-

Channel structure-based scheduling

Semi-orthogonality Maximum SINR scheduling
H
€50 B k| . max SINRy, ?‘
£y Il [P, ]

. S a0 A
Spatial orthogonality ﬂ\ﬂﬂﬂ wﬂwﬂ

|Bs(iy N Bx| < Now

Chordal distance-based scheduling

Filtering  d.q (S, /m < dtn
Selection S.q(i) = arg max ded (Sea(i — 1), k)
€

Sum rate analysis
_ N, L 1 =N T
R1:E<epu rP(O,puNr>—e u( ) ( pul—a Nr))

N (uwwwuwﬁawn (0 1+ pu(1 — @) (N, — YNZF(I,) >

R ~ | ¢ PualNrtruG-NZF (N T [ 0,
27 In PuaNy + pu(l — Q) N2F1 (N;)

14py (1—a) (Ny —1) N2 Fa (Nr)
—_e pu(l—a)N2F1 (Nr) rfo,

1+ pu(l = ) (Ny = N2 Fo( r))
pu(1 — &) N2F1(N,)

Ph.D. Defense Jinseok Choi

CONTRIBUTION I: USER SCHEDULING




Contribution 2

BIT ALLOCATION FOR HYBRID BEAMFORMING
RECEIVERS WITH RESOLUTION-ADAPTIVE ADCS

Discussed in the PhD Qualifying Exam and Included in the PhD dissertation

Related publications:

[1]. Jinseok Choi, Brian L. Evans, and Alan Gatherer, "Resolution-Adaptive Hybrid MIMO Architectures for Millimeter Wave
Communications”, IEEE Transactions on Signal Processing, vol. 65, no. 23, pp. 6201-6216, Dec.2017.

[2]. Jinseok Choi, Brian L. Evans, and Alan Gatherer, "ADC Bit Allocation under a Power Constraint for MmVWave Massive MIMO
Communication Receivers", Proc. IEEE Int. Conf. on Acoustics, Speech and Signal Processing, Mar. 5-9,2017, New Orleans, LA, USA.

[3]. Jinseok Choi, Junmo Sung, Brian L. Evans, and Alan Gatherer, "ADC Bit Optimization for Spectrum- and Energy-Efficient Millimeter Wave
Communications", IEEE Global Communications Conf., Dec.4-8,2017, Singapore.
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= SYSTEM MODEL

DFT submatrix

1 Multi-user MIMO uplink system

= Single cell environment

= Serve N, < Ny users with single antenna
=  Uniform linear array (ULA) antennas

* DFT-based analog combining

= Resolution-adaptive ADCs

Baseband
Combiner

orre . L. [Akdeniz&Rappa[.)ortM]
O Millimeter wave channel model with limited scattering

Iarge scale fading gain e Y channel path gain

small Lk

v Lk v
hy = /7% Z ge&?(?ﬁ,k) : sparse in beam domain
(=1

ererennes angle of arrival (AocA)

S— array response vector (ARV)

(d Beam domain projection by using Wgp —
= A=la(f1), - ,a(0n,)] B DFT matrix =

0
= Beam domain projection: h;, = WgFTh % : 0 % -
?% 20 10 ax angle O
Notations é’/}
A : matrix Beam domain channel

a : column vector
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== MOTIVATION & PROBLEM FORMULATION

[ Selective bit allocation
= Sparse beam domain mmWave channel

ex.
o . Aoc[ L L™ | bit
fewer quantization bits

to smaller channel gain ADCW .
2 bits

More quantization bits (ood]
to larger channel gain 3 bits

o, 0 P qiangedn

maintain similar quantization error over all ADCs

d Minimizing quantization error . ey
" Mean squared quantization error (MSQE)

™3 o
Ei(bs) = EH%: - xg,iIQ] N ——Du||[Hbs,: 2

E [ quantized desired Signal
A desired Signal

* Relaxed minimum MSQE problem in high SNR

s quantization bits

NRrp Nrr

Pl: b] = argmin E Ex, (b;) E Papc(b;) < NrrpPapc(b) » Convex optimization
LbERTRE}
real number relaxation ADC total power constraint
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== BIT ALLOCATION SOLUTION & SIMULATIONS @

Fig. 3: Rate vs. Constraint bits

-
o
a

1 Near optimal bit allocation (solution for P1)
" Minimizes total MSQE in high SNR

__________________________________________ associated channel gain

o
©
o

o
©
T

v
Nrr ||[Hp)i,:|
Ngrr 2
2_j=1 [11Hb]z: 3

L channel gain for all RF chains

by = b+ log, ( ) : more bit to larger channel

Sum Rate R [bps/Hz|
%
(2

o
0
T

* Minimizes generalized mutual information in low SNR 075 e Resction
07 enisoess ||
O r(:?'l\il\ISQE—BA (slow)
d Worst case analysis - Nixed ADC

| | | | | | | |
1 2 3 4 5 6 7 8 9 10
Constraint bits b

= Approximated lower bound of achievable rate
Fig. 4: Energy efficiency vs. Constraint bits
) wn(A2 42X + 2L R e
By —log, 14 Pne L+ 2 )

Ny,
where 1= (AL +e ) (1+2pu (1 —a) + (AL + G_AL)—]\I;;F > )

k=1

k

— — Infinite Resolution
—+— Fixed ADC
revMMSQE-BA

@+ 1evMMSQE-BA (slow)
Rrevivisqe-BA ~ R —=—Mixed ADC i

#n =
 System parameters [Akdeniz&Rappaport14] j : -
Cell radius 200 m | Noise figure 5dB # User 8 Lﬂ )
Min. distance 30 m | Equalizer MRC | Tx power | 20 dBm . st E;Viiv}éifﬁe ¥
Carrier freq. 28 GHz | # Antennas 256 RS R N R
Bandwidth | GHz | #RFchains | 128 AT N T T
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== SUMMARY

Adaptive Bit Allocation A
B * Resolutiqp"a}fifgtive
v" Main assumption
ADC changes its resolution depending on channel ; L woc 3 Baseband
: : : : | Combiner
il | Wrr i .
v’ Main results Ne et i Was
E : RF : :
1 > v chain alads
Resolution-adaptive ADC ULA T
with bit-allocation solution LT . 3
' , " M path gains
High SNR: minimizes mean Low SNR: maximizes ER ¥
squared quantization error generalized Ml ] )
& *
s, % 0 2 qyangetin
/o
Performance analysis: ex.
lower bound soc[ LI~ | bit
v" Takeaway Message 2 bits
Selective bit allocation achieves high SE* and EE* 3 bits
maintain similar quantization error over all ADCs

*SE: spectral efficiency ~ *EE: energy efficiency
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Contribution 3

BASE STATION ANTENNA-SELECTION FOR
LOW-RESOLUTION ADC SYSTEMS

Partially Discussed in the PhD Qualifying Exam

Related publications:

[1] Jinseok Choi, Junmo Sung, Narayan Prasad, Xiao-Feng Qi, Brian L. Evans, and Alan Gatherer, "Base Station Antenna Selection for Low-
Resolution ADC Systems", I[EEE Transactions on Communications (submitted).

[2] Jinseok Choi, Brian L. Evans, and Alan Gatherer, "Antenna Selection for Large-Scale MIMO Systems with Low-Resolution ADCs", I[EEE Int.
Conf. on Acoustics, Speech, and Signal Processing, Apr. 15-20, 2018, Calgary, Alberta, Canada,
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= MOTIVATION & UPLINK SYSTEM MODEL

O Switch-based analog beamforming
. . . . [Méndez-Rial16]
" Lower implementation cost and complexity compared to phase shifters

* Moderate performance in reducing the number of RF chains with small loss' ")

New design/analysis is necessary due to coarse quantization

O Uplink system model

= Nmsusers are equipped with single antenna
= BS selects antenna subset with known CSI
Switch-based

= BS employs low-resolution ADCs EZ\;;;;'C;;LT;&“. quantization error
* Narrowband channel assumption '
iMobile station | V

N

]
1
1
1
Baseband RF ; : :
Processor chain I r. H RE
1
| . _chain J7EPC
: ] L.
L] ° ] N . .
Nrr' : . [ ) : RF ° °
Mobile station Nws : :
? ' * ;< L [ RF
Baseband RF : | o ADC
Processor chain 1 i chain
L_' o I
]
S ’,

Considered uplink communication
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= PROBLEM FORMULATION

[Fletcher07]
[ Mutual information with selected antennas under additive quantization noise model (AQNM)

1
R(H) = 1og, [TInne + puc? (0, + Raq)  HcHY |

. set of selected antennas quantization noise covariance matrix

Ryqg = a(l — o) diag(puHK;Hg + Inge)

O Uplink maximum mutual-information problem

*  Maximum mutual-information selection for narrowband system

P1 R(H}c*) — m}?XIOgQ Inge +pua2 (042INRF + qu>_1H]CHl€I‘

= Challenges

() Large number of antennas at BS*: Exhaustive search (X) vs. Greedy search (O)

(2) Greedy is suboptimal: performance bound is necessary

*BS: base station
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= UPLINK BS ANTENNA SELECTION METHOD

1 Decomposition of mutual information

= At (n + 1)th antenna selection stage

R(H, 1) = R(H,) + log, (1+&
4 d/C(n—I—l)

L matrix determinant lemma
1 Computational complexity reduction

= Matrix inversion in gain computation

—1
¢ = £ (I+puaH,{j D;1Hn> f,

1
matrix - QTH-l = (I+pU,CVHnH+1D7_L4:L—1H7l+1)

inversion |

lemma Lo > Qn+1 =Q, — aa’l *

CIC(n—I—l),n)

>

# Generalized greedy selection criterion

C;i ain
» J = argmax 22 © | tradeoff

J dj penalty

# Simplified gain update
H H H

Cjnt+l — fj Qn—l—lfj = fj (Qn — aa) fj

H_ 2

| A— vector inner product
I reuse previous gain

Quantization-aware fast antenna selection (QFAS)

Ph.D. Defense Jinseok Choi 9/10/19
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== PERFORMANCE ANALYSIS: LOWER BOUND

(d Submodular function

Definition
- Function with diminishing return property : f(AU {v}) — f(A) > f(BU{v}) — f(B) where A C B
Theorem (Lower bound) Nemhauser7g]

- Normalized nonnegative and monotone submodular function f

- Ag:set obtained by selecting one at a time with largest marginal increase
- A”:optimal set with same size as Ag

» # Lower bound of f with Ag
f(Ac) = (1 —1/e)f(A7)

[ Performance lower bound of proposed greedy selection

Corollary | (Lower bound of QFAS)

Mutual information achieved by proposed greedy-based antenna selection is lower bounded by

R (Kotas) > (1 - 1) R(K*)

(& .
................................................ OPt|ma| antenna Subset
Proof sketch

v Define F}C = INT + pag (OégINT + unlqul) H%H%H(agljw + unlqul)_1/2 and X ~ CN(O,I‘]C)
v' Use submodularity of entropy function w.r.t. selected antennas h(xx) = In |rel'xc| = N, In(mwe) + R(K) In 2
v" Show submodular, normalized, nonnegative, and monotone function

—1/2
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== WIDEBAND UPLINK ANTENNA SELECTION
O Uplink wideband OFDM* system
[Fletcher07]

» Quantized signal for subcarrier n under AQNM* Frequency domain channel

_j2m(n—1)¢
n — a{b\/ﬁGIC,nSn —l_ -VA’n,' G’C,’I’L - Z ch’ee Nse
A ) . . =
quantization gain < I . thermal noise + quantlzatlon noise
. . . uantization noise variance
= Mutual-information for subcarrier n Q

Rq,q, = (1 — ap)diag{pBxBg + Iy, }

R.(KC) =1 ‘I 2(62Ty 4+ Ry o ) Gy, GH
( ) 0g29 N, +ﬂab(ab N, + qnqn) Ic, K.n BIC — [HIC,0707°°° 707HIC,L—17"' 7HIC,1]

1 Greedy antenna selection and performance bound
= Maximum mutual-information problem for OFDM system

P2 dm = argmax g R
KCS:K|[=N->Nwms ,,—1
T all subcarriers share same antenna subset

= Simplified greedy antenna selection method without matrix inversion

Nae Corollary 2 (Lower bound of QFAS)
J =ar maleo 14+ 2% (7)
— arg g2 nt J » ZR (1 ) ZR
qfas = - ofdm

jes\K, d;
gain update w/o matrix inversion -
*OFDM: orthogonal frequency-division multiplexing *AQNM: additive quantization noise model Proof. SmeOdLllal"It)’ is closed under addition
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== SIMULATION RESUTLS: UPLINK OFDM SYSTEM

U Simulated algorithms
= QFAS: quantization-aware fast antenna selection (proposed)

Fig. 5: Ml vs. Tx power

22

20 g—8—=——

= FAS: fast antenna selection without quantization

18

16

= NBS: norm-based selection

Average Mutual Information [bps/Hz|

k" = max [|[H]p.. |
k — QMCMC-AS (120,60)
. . . f-: @ QFAS
= QMCMC-AS: quantization-aware adaptive-MCMC* based on MIS* 2| ——ras
- Near numerical upper bound 1o | | e
. . . . . . . 10 15 20 ) 25 30 35 40
- High complexity: iterations with multiple sampling (ex. 60, 120) Transmit pover p [dB]
Q System parameters [Akdeniz&Rappaport14] o Fig. 6: Ml vs. # selected antennas
Cell radius 200 m | Noise figure 5dB Fig. 5 Fig. 6 N0l
Min. distance 20 m # channel paths 3 Ngs = 32 | Ngg = 128 %45
Carrier freq. 28 GHz | # channel delay taps 4 20!
Nys =8 Nys =12 £
Bandwidth I00MHz | # subcarriers 64 = a5l
BS antenna gain |5 dBi | #ADC bits 3 Ny =8 | p=30dBm Sa0l Jf :
%) — QMCMC-AS (60,30)
Sy s
—/— NBS
Effective in low-resolution ADC system with high performance soL_ | | o Rmem
20 40 60 80 100 120

Number of selected antennas N,
*MCMC: Markov chain Monte Carlo  *MIS: metropolized independence sampler
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= DOWNLINK BS ANTENNA SELECTION

EI S)’Stem mOdeI Base station
- )
= Zero-forcing (ZF) precoder with CSI known at BS f * ' . Y i Mobie sation |
. S1 RF ,"‘\7< V Y §
= Equal power allocation (EPA) —> —>| wan [TT T J@ oc 1
=  Users employ | lution ADC 3] recod v L]
ploy low-resolution S —»{ Precoding chain [T »
= Achievable sum rate: Dl equa Dy
--------------- Tx symbol power power At e Mobile station Nis
v 5 allocation I',‘ ’," o Nps \/ -
cubr > sl
R(T) = Nuslog, | 1+ 1+ (1 \ ) \ o .
A + ( — ab)pT L DU, 9 ) Low resolution
................................. set of selected antennas Considered downlink communication
 Antenna selection problem
u Maximum I"ate antenna Selection Problem ................................... . total transmit Power
]
P R(T L z
3 max » max py = 7] = Hy_
( ) T tr(WBB (T)WBB (T)) tr((HTHT) 1)

TCS:Nus<|T|<N¢

:needs to be large and orthogonal

Equivalent to antenna selection in perfect quantization system

CONTRIBUTION 3:ANTENNA SELECTION
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== SUM RATE ANALYSIS

L How many antennas?

" More antennas do not always provide higher rate due to limited transmit power

# In perfect quantization system b = oo

[Lin&Tsail2]
: higher maximum rate with more antennas for ZF precoding with equal power allocation

R(%ptl; OO) < R(%th; 00)7 lf ‘7:)pt1| < |7:)pt2‘

# In coarse quantization system b # oo

Corollary 3 (Monotonicity)

Higher rate with more antennas for ZF-EPA* Higher maximum rate with more antennas for ZF-EPA
R(T1;0) < R(T2;b), ifT1 CTy R(Topt1;b) < R(Topt2; b),  if [Topt1| < |Topt2]
Proof sketch

(a) Define Rp(T) = R(T2) = R(T1) where T C T2 CS and T =T —Th

(b) Show Rp(T) > 0 by using matrix inversion lemma and [Lemma 2, Lin&Tsail2]
(c) Show R(Topt1) ? R(T2) < R(Topt2) where Topt1 C T2 and | Topti| < |T2] = [Topt2|
from (a), (b)

*ZF-EPA: zero-forcing precoding and equal power allocation
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== SUM RATE ANALYSIS

1 How much transmit power?
= More power provides higher rate, but maybe less efficient

# In perfect quantization system b = o Lin&Tsail2]

:rate loss Rp(T) = R(Tz) — (7'1) increases with tx power and upper bounded by
matrix of channel eigenvalues

Rp(T) < N;log <1-|- e (H HE )1 where T C T2 CS and T=T3,—-T;

# In coarse quantization system b # oo

Corollary 4 (Vanishing loss) Corollary 5 (Maximum loss)

Rate loss converges to zero with tx power: Maximum rate loss occurs at following tx power:
7 tr((Hp HE )~ tr((Hp HE )1
p(T)—0 as P — o0 P{)“a":\/r(( LE 7'2)1)1"(( 7))

" Tx power can compensate for rate loss due to using less antennas
" Pp®* can be good reference point

Similar analysis also holds for downlink OFDM systems
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== SIMULATION RESUTLS: DOWNLINK OFDM SYSTEM

O System parameters
[Akdeniz&Rappaport14]

Fig. 7: Rate vs. # selected antennas Fig. 8: Rate vs.Tx power

35 T T T 60 T T T T
. —e—NBS (b=5) Rate (Full Antenna)
Cell radius 200 m —»—NBS (b=4) o —— Rate (NBS; N, = 16)
30 F|—=—NBS (b=23) o—° 50 || Rate loss (NBS; N, = 16)
Min. distance 20 m = — | |~©—Rate (NBS; N, = 32)
s a O Rate loss (NBS; N, = 32)
q 5257 >
Carrier freq. 28 GHz 2 Baoy higher rate
. Y oL Q
Bandwidth |00MHz 5% 3 less gap
30
. . g =
BS antenna gain I5 dBi 2 15) Z
) )
. &0 &0 o |-
Noise figure 5dB £ ol x 20
z z
# channel paths 3 10l lower rate 2l
5r
# channel delay taps 4 less ga o, e
I I I I I I S 4 > | Qn;(\‘
# subcarriers 64 10 20 30 40 50 60 30 40 50 60 70 80 90
Number of selected antennas NV Transmit power constraint P [dBm)]

d Validations

Fig. 5 Fig. 6
Ny = 64 Ngs = 128 = Non-decreasing property w.r.t number of selected antennas Nt
Nys = 8 Nys = 12 " Presence of maximum rate loss and rate convergence
P =50 dB N, = 16
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= SUMMARY

Uplink BS antenna selection

v" Main assumption

BS selects rx antenna subset depending on channels

v' Main results

Algorithm Performance lower bound

J = argmax C;—’” D R(Kytae) > (1 _ %) R(K*)
i dj

Q " 4

Extension to wideband OFDM system

NSC
*
S dm = argmax E R ()
KCS:|K|=N>Nus 1

v' Takeaway Message

Quantization error needs to be considered

Greedy choice is suboptimal but efficient

Downlink BS antenna selection

v" Main assumption

BS selects tx antenna subset depending on channels

v" Main results

Equivalent problem to
perfect quantization

|4 |

Monotonicity Max loss

R(Top1ib) < R(Topi2i) \/tr((HnH%rl)tr((HﬂH%>—1>
R(T1;0) < R(T2;b) c
| | 4

Extension to wideband
OFDM system

1—ab

v" Takeaway Message

More antennas always provide higher rate

Tx power can fully compensate reduced # antennas

Ph.D. Defense Jinseok Choi 9/10/19

CONTRIBUTION 3:ANTENNA SELECTION




Contribution 4

TWO-STAGE ANALOG COMBINING IN
HYBRID BEAMFORMING SYSTEMS WITH
LOW-RESOLUTION ADCS

Related publications:

[1]. Jinseok Choi, Gilwon Lee, and Brian L. Evans, "Two-Stage Analog Combining in Hybrid Beamforming Systems with Low-Resolution
ADCs", IEEE Transactions on Signal Processing, vol. 67, no. 9, pp. 2410-2425, May 1,2019

[2]. Jinseok Choi, Gilwon Lee, and Brian L. Evans, "A Hybrid Combining Receiver with Two-Stage Analog Combiner and Low-Resolution
ADCGCs", IEEE Int. Conf. on Communications, 2019, pp. |-6. doi: 10.1109/ICC.2019.8761780
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= MOTIVATION

1 Optimal analog combiner design

= |f feasible, is SVD* analog combiner optimal? Y, arge gain - quantization error
# In perfect quantization system: Yes!  svD
: collects all of the channel gains onto reduced number of RF chains : | combiner
N | Wee
T
# In coarse quantization system: Maybe not.. v
: too large signal power experiences large quantization error

Fig. 9: Signal power on each RF chain '2rg¢ quantization error Fig. 10: Mutual information vs. SNR

100 Zaa~ N 60
‘ \
| 28 RX antennas .:' \ —¥—Proposed analog combining proposed
16 RF chai ! | 55 || —-—-Optimal analog combining e
80 - chains Y SE —— SVD analog combining at
8 users E P SVD upper bound b s
> L
5 2,
2 B60L desired signals 0 45+
2 ke
= = 40
= £ large gap
Q
& Z 35,
3
230
=
small quantization erfor ---.____ o5 - - -
0 20 ‘
1234567 8 910111213141516 - 20 30

RF chain index

*SVD: singular value decomposition
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== SYSTEM MODEL & PROBLEM FORMULATION

L Proposed two-stage analog combining architecture

ULA

= Single cell environment Y|
" Phase shifter-based two-stage analog combining Y.
* Uniform linear array (ULA)

= Serve N,, < Ny users with single antenna

=  MmWave narrowband channe| ! & eppeportid]

Ly channel path gain
N, v
hy =4/ — E ge.xa(0e.)
L —1 A 4

|'<]~32 coe

- angle of arrival | Ye=e=Smee-- 4

(15t Analog Combiner

- ————

---------

Baseband
Combiner i;

Wgp

Low Resolution

array response vector (ARV)

1 Maximizing mutual information

=  Mutual information

—1
C(Wrr) = log, |INRF+ po2 (a2 WEW g+ Raq) WL HHY Wy

Covariance matrix of quantization noise
Rqq = Bpdiag{ pWHp HH" Wrp + WEp Wgp |

Analog combiner

Wgrr = Wgr, Wrr,

:key role in changing quantization distribution

= Relaxation: no constant modulus constraint on elements of analog combiner matrix

* Relaxed maximum mutual-information problem

Pl: Wit = argmax C(Wgp), s.t. WEpWgp =L

Wrr
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= OPTIMAL SCALING LAW & TWO-STAGE SOLUTION

L Optimal scaling law with respect to number of RF chains Nrr

Theorem 2 (Optimal scaling law)

Optimal solution to P1 achieves following scaling law w.r.t. number of RF chains:

C(WOR%) ~ Ny logy NrF

Mutual Information
o - nN w H (6] (o)) ~

Optimal scaling law can be also achieved by using following two-stage combiners: s
Number of RF chains
(Z) VVEF1 — [Ul;NuUJ_] :SVD combiner
C(W%I;G) ~ Ny logy Nrr

o o * . . .
11 :any Nrr X NRF unitary matrix with constant modul . .
(41) Wi, rany unitary matrix with constant modulus C(Whp Wi, ~ Ny log, Nar

Intuition
|. project on lower dimension 2. Spread evenly

signals : Wiy, n W,

o / RF chains ADCs

Moderate and even
quantization noise distribution

i1t
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== BOUNDED MI FOR CONVENTIONAL OPTIMAL SOLUTION

O Mutual information achieved by SVD analog combining

Corollary 6 (Upper bound for SVD analog combining)

Ml for conventional optimal solution WgE = [U1.n, U] for perfect quantization systems is bounded by

«
C(WE) < Ciy = N, log, (1 ik _bab> as p — o0

matrix of channel eigenvalues

Proof
C (W%{’F) = log,

collects all channel gains:
N. eigenvalues

|
Ay ..
I+ —bdlag 1 {A‘NRF + ﬁI}ANRF

QpA; (a) Qp increases effective quantization noise:
=) ] 1 < N, 1 14+ = : 9 '
Z 062 ( + 1/p> 082 ( i Bb) large gains on a few ADCs

I - Quantization error term

Second analog combiner WRF. in Theorem 2 addresses quantization noise enhancement
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= MAXIMUM MUTUAL INFORMATION - SPECIAL CASE

 Maximizing Ml for special case: homogeneous channel singular values

Theorem 3 (Maximum Mutual Information)

Two-stage analog combining solution in Theorem 2, Wi = Wi Wiy, is solution for:

rp = argmax C(Wgp)
Wrr

S.t. WgFWRF = INRF and )\1 == )\N = A

u

and achieves maximum mutual information:

Copt = C(Wkp) = N, log, (1 +

Oéb)\NRF )
)\Nu(l — Ozb) —+ NRF/p

:achieves optimal scaling

Proof sketch
(a) Show A = diag{\{, -+, A\, 0,---,0} is upper bounded by AI
(b) Then, ||[Gsubl;,: H2 is maximized for any given Wry when \; achieves A foralli=1,---,m
(¢) Find upper bound of C(WRrF) by using Jensen’s inequality with (b)
(d) Show upper bound of C(WrF) can be achieved with Wig = Wxp, Wip, by replacing A\; = A in Proof of Theorem 2
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== TWO-STAGE ANALOG COMBINING ALGORITHM

L Implementation of two-stage analog combiner under practical constraints
= Key constraints: (1) Constant modulus condition on elements of analog combining matrix
(2) Finite resolution of phase shifters
= First analog combiner
- Closely meets first condition in Theorem 2

Algorithm 1: ARV-based TSAC

1 Initialization: set WRyr, = empty matrix, H,,, = H, ) ) .
and V = {91,..., 0|y} where d,, = 2 — 1 : left eigenvectors (channel gain aggregation)
9y n v
:AoA codebook : :
o Foeenee ARVs collect most sparse beam-domain channel gain

[** analog combiner
2 for s =1: Nrr do

(a) a(¥*) = argmaxycy, |a(9)" Hym||?
(b) Wrr, = [ Wrr, | a(d*) | :capture max channel gain - Perfectly meets second condition in Theorem 2
(©) Him = P?aL(ﬂ*)Hfm’ where Pi(_ﬁ) ?I_a(ﬁ)a(ﬁ)H , : unitary with constant modulus (spreading)

(d) V=V \ {9*} :null space projection (for orthogonality)

» Second analog combiner

DFT matrix or Hadamard matrix can be used

3 end

d ; . : :
2" analog combiner _ . - Low cost; negligible power consumption once configured
4 Set Wrr, = Wppr where Wppr is a normalized :independent to channel condition

Ngrr X Nrp DFT matrix.

implemented with fixed phase shifters

Two-stage analog combining architecture provides favorable structure for implementation

*ARV: array response vector *TSAC: two-stage analog combiner
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== PERFORMANCE ANALYSIS
L Ergodic rate of ARV-TSAC method with maximum ratio combining (MRC)

" Two-stage analog combining

Theorem 4 (Ergodic rate of two-stage combining)

For MRC digital combining, ergodic rate of ARV-TSAC is approximated as

poy, Nrrp(1 +1/L) )

R™C ~ Ny log, | 1+
= ( it p(Ny = 1)+ 20(1 — )

where Kk = Nrr /N, :achieves optimal scaling

" One-stage analog combining

Corollary 7 (Ergodic rate of one-stage combining)

For MRC digital combining, ergodic rate of one-stage analog combining is approximated as

= pOébNRF(l -+ 1/L)
RIC~N,,] 1
one 0go ( -+ L

k+p(Ny—1)+2p(1—ayp) Nrr/

where kK = Nrr /N, : cannot achieve optimal scaling

Two-stage analog combining achieves optimal scaling law with linear receiver
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== SIMULATION RESULTS |

O Simulated algorithms Fig 11 Fig. 12 Fig, 13
Two- ® ARV-TSAC: proposed two-stage analog combining  Infeasible N, = 256 N, =128 N, =128
stage . SVD+DFT: Wgrr, = Ui.n and Wrr, = WprT (Theorem 2) N,=8 N, =8 N, =4
one.  ARV: Wrr = Wgr, designed from ARV-TSAC #paths =4 | #paths =3 | #paths =3
stage " Greedy-MI: greedy maximization based on ARVs b=2 b=2 Ngr = 16
» SVD: WRrpr, = Ujp.ng, Infeasible SNR =0dB | Ngr = 43,64 | SNR=10dB
Fig. | I: Mutual information vs. # RF chains Fig. 12: Mutual information vs. SNR 400 Fig. 13: Signal power on each RF chain
55k—SVI;+DFT : | | | | | 7 457 | | | RF :64 iTWt‘)—sta‘ge arialog‘ com‘binir‘lg | | | | | | |
- ?:“‘K/df*ﬁl( (proposed) | v Il One-stage analog combining
50 |-|-@—ARV 1200 1 1
. :_E___:Xg“w(,r o I E a0l /
§45 ?.‘_ 5 1000 | Large quantization distortion 1
2 ) 3
2 D w 351 &
S 40 2 3 800
2 3 £ &
g 301 @
S35 5 & 600 -
f E g Small quantization distortion
g S 254 . =
£ 30 ERan - 400
i 3 — SVD+DFT
= v =5= ARV-TSAC (proposed)
25:5 55 [} /R H T 20 :g;{e\e,dy—]\ﬂ | 200
====SVD-upper C%,
= SVD
20" : ; : : ; : : . 15 : ' ' ' 0
40 60 80 100 120 140 160 180 200 -10 5 0 5 10 15 3 565 7 8 9 10 11 12 13 14 15 16
Number of RF chains Nyp SNR p [dB] RF chain index
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= SIMULATION RESULTS 2 ®

O Linear digital equalizer: maximum ratio combiner

= (Figure 14) Nze/N: = 1/3,Nu = 8,b = 2, # paths = 3,and SNR = 0 dB
= (Figure 15) N: = 128, Nrr= 43, Nu = 8,b = 2, # paths = 3

Fig. 14: Rate vs.# RF chains

——SVD-DFT
—7—ARV-TSAC (proposed)
—3¢— Greedy-MI

—S—ARV

—=-SVD

Fig. I5: Rate vs. Quantization bits

N
(&)

T T T

=N
()
T

NN
o
T

w
(&)

w
(&)

Ergodic Sum Rate R [bps/Hz]
w
S

Ergodic Sum Rate R [bps/Hz]
w
S

: due to increasing Nr.

——SVD-DFT
—7— ARV-TSAC (proposed) | |
—— Greedy-MI
—-6— ARV
Low resolution regime  |-8-SVD

= il
= B = b

N
(&3]

1 1 1 1 1

30 40 50 60 70 80 90 100 2 3 4 5 6 7 8
Number of RF chains Nrr Number of quantization bits b

Two-stage analog combining is effective in low-resolution ADC regime
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== SPECTRALYVS ENERGY EFFICIENCY TRADE-OFF

[ Simulated algorithms in low-resolution ADC system

= Two-stage analog combining receiver (contribution 4)
= Resolution-adaptive ADC receiver (contribution 2)

= Conventional one-stage analog combining receiver

* Fully digital receiver

128 BS Antennas

40 T T

w w w w w
o N = D (o0)

SE [bps/Hz|

N
(o¢]

Nrr = 12,16, 20

26 | —+— Fully Digital
—8— Adaptive ADC
24 —7— Two-stage
—6— One-stage
22 - : : ' : : ' : ‘
22 24 26 28 3 32 34 36 38
EE [Gbits/J]

*SE: spectral efficiency *EE: energy efficiency
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SE [bps/Hz|

w
o

w
(43}

25

[ System parameters

Bandwidth
SNR

| GHz
10 dB

# users 4

# channel paths 2

Ngrr = 12,16,20

—+— Fully Digital |-
—8— Adaptive ADC
—— Two-stage
—6— One-stage

L 1 1

1.4 1.6 1.8 2 2.2
EE [Gbits/J]
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= SUMMARY

Proposed two-stage analog combining receiver

/ It Analog Combiner \
Y on i e ~\ A
1 2" Analog Combiner LovLRiso_lut_lon
Y I - ~‘ { 1
1 1 RF ADC
>al| e N £ 17| chain | 5y
1 - 2
1 1 1 ! RF oc 1 Baseband
. : 1 : I chain | :F Combiner 34
: . e . ! P N— .
. 1 8 WRFl | : a WRF2 1 . 1 : BB .
: :NRFI 1 Nrr : I :
1 > + H - 1 RF ! ADC
1 1 + ; chain | |
I N L — —l
J
\ | S=——tm——- - )

Optimality Algorithm

Two-stage combining solution Sparse channel assumption
(i) Wir, = [U1n,UL] (i) Wip,:uniary i ARV-TSAC algorithm

_—_
Optimal scaling law Wrr = WaocaWprr

Maximum mutual information Ergodic rate analysis with MRC receiver

Second analog combiner is essential in reducing effective quantization error
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== SUMMARY AND CONCLUSION

* Considered system: hybrid beamforming with low-resolution ADC system for high energy efficiency

Optimizations for mitigating quantization error

MAC Layer Perspective User scheduling
optimize set of users
-
PHY Layer Perspective
Adaptive ADC Antenna selection Two-stage combining
A @l — K I 1
An— g1 b—
- switch based - - phase shifter based -
optimize ADC resolution optimize analog combiner

Advanced architectures and techniques at different parts of wireless systems can significantly increase spectral and energy efficiency
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= FUTURE WORK

(J Channel estimation in two-stage analog combining system

= Use estimation techniques for hybrid system after multiplying inverse matrix of second combiner
: Less performance degradation thanks to even distribution of quantization error (QE)

" Develop new estimation technique by estimating quantization noise level

: Maybe easier to estimate quantization error thanks to even distribution of QE under same total QE

 Extension of receiver design work into wideband communications

= Base station antenna selection: similar results both in narrowband and wideband OFDM
:It is not proved for two-stage analog combining system and resolution-adaptive ADC system

(J Cooperation of multiple base stations under limited total power consumption

= Optimization of ADC resolution over multiple BSs in multiple cells
: It can be jointly optimized with user transmit power
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= OUTLINE

Background

Millimeter wave communications with a large number of antennas

Motivation of my PhD dissertation

Contributions

|  User scheduling in low-resolution ADC systems

2 Resolution-adaptive ADC receiver architecture

3 Base station antenna selection in low-resolution ADC systems
4

Two-stage analog combining receiver architecture in low-resolution ADC systems

Conclusion & Future work

Future work

Summary
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= MILLIMETER WAVE SPECTRUM

*
3 GHz 57 64 164 200 300 GHz

54 GHz 99 GHz

99 GHz
7y 7y Y
sl esliler mel Potential 252 GHz
communications available bandwidth
60 GHz oxygen Water vapor (H,0)
absorption band absorption band
(a)
27.50 28.35 28.60 2210 2825 29.50 31.075 31.225 GHz
75 75
850 MHz M [ M
Hz Hz

I s

Block A - 1.15 GHz
EHDSands Block B - 150 MHz
(b)
71 76 81 86 92 94 95 GHz
2 0.9
5 GHz 5 GHz o i

12.9 GHz
(c)

70/ 80/ 90 GHz bands

Figure 1. Millimeter-wave spectrum.

[Pi&Khan11] Pi, Zhouyue, and Farooq Khan. "An introduction to millimeter-wave mobile broadband systems." IEEE Comm. Mag. 49.6 (2011).
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= ADC POWER CONSUMPTION

n: quantization bits
fs: sampling rate

—_—
()
o

Power, W

10 1012 1014 1016 1018

10
f22" Hz
S

Svensson, Christer, Stefan Andersson, and Peter Bogner. "On the power consumption of analog to digital converters." 2006 NORCHIP. IEEE, 2006.
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== SYSTEM ASSUMPTIONS

Ph.D. Defense Jinseok Choi

3GPPTR 36.931V12.0.0 (2014-09)

Table 5.3.3-1: Macro system assumptions

Parameters

Assumptions

Carrier frequency

2000 MHz

System bandwidth

10 MHz(aggressor),
10 MHz(victim)

Cellular layout

Hexagonal grid, 19 cell sites,
with BTS in the corner of the cell ,
65-degree sectored beam.

Wrap around Employed
Inter-site distance 750 m
Traffic model Full buffer

UE distribution

UEs dropped with uniform density within the
macro coverage area,

Indoor UEs ratio is a parameter depending on the
simulation scenario.

Path loss model

L=128.1 +37.6log10 (R),
R in kilometers

Lognormal shadowing

Log Normal Fading with 10 dB standard deviation

LTE BS Antenna gain after cable loss 15 dBi
UE Antenna gain 0 dBi
Outdoor wall penetration loss 10 dB
White noise power density -174 dBm/Hz
BS noise figure 5dB
UE noise figure 9dB
Maximum BS TX power 46dBm
Maximum UE TX power 23dBm
Minimum UE TX power -30dBm
MCL 70 dB
Scheduling algorithm Round Robin
RB width 180 kHz, total 50 RBs

RB numbers per user

Downlink:1 [ Uplink:16

9/10/19




APPENDIX
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USER SCHEDULING




== NEW USER SCHEDULING CRITERIA z)

L Solution of P2: structural scheduling criteria

" For total # of channel paths < N

L1.: index set of nonzero elements
Theorem A-I

|.  Unique *AoAs at receiver for channel paths of each scheduled user:
,Cg(k) M Eg(k/) — (Z) if k 7£ k/.

ll.  Equal power spread across beamspace complex gains within each channel:

Py isek) | = \/VS(k)/LS(k:) for i € Ls(k)-

*Angle of arrivals

Channel Hb

71 Aggregated channel gain at ADC

* Unique AoAs
* Equal power spread

minimize ||[Hyp]; .|

hy; hy2 hy 3 hy g
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== PROOF OF THEOREM A-| )

O Case: total # of channel paths < Nrr

* Two-stage maximization approach

ap

Tk (Hb) = 10g2 1 + - ] T
p(l — a)wy;  diag (Hbe )sz,k + [ Wtk ||2

|. Minimize szf,k ||2 ll. Maximize under orthogonal condition

4
: channels have to be orthogonal e (Hp|hp Ly xr) (@) log, [ 1+ ap|/hy i )
p(1 = )bl diag (HyEL{ ), + [, 4]

2

=log, | 1+ o ———===== |
Non-overlap of channel gains p(l—a) > |hbikl? (|hb,i,k|2 i Yo lhbiwl®) + vk
AN €Ly, lutk I
KKT conditi | ¢ Yog, (1 + apy
condition: equal power sprea =~ 10g
A% ’ p(L—a)d icr, [Poixl* +
(a-c): sufficient conditions for maximizing sum rate (2 log, | 1+ ap : max rate for single user case
p(1 —a)/Ly + 1/
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= PARTIAL CSI-BASED USER SCHEDULING . )

L Alternative to instantaneous full CSI

= *Angles of arrival (AoA): slowly-varying channel characteristics
: reduces burden of estimating instantaneous full CSI at every channel coherence time

1 Chordal distance-based user scheduling

= Key idea measure separation between channel subspaces

Channel hj, = \/ L ngﬁ (bké

Vector
Ay = [a(@r,1), ... a(dr v,

cd k k \/Lmzn - Qk;HQk’Q Qk)

Chordal

Distance

‘4----____

Qr = column basis of Ay

= Steps
|. RF chain angle filtering 2. Chordal distance filtering 3. Max # of AoAs (+ max. chordal distance)
Filter users: Filter users: » Select user with max. # of AoAs.
no AoAs in reduced range dod (Sea (i = 1), %) /v/Tonin < din

of angles of RF chains If many: S.q(i) = arg max deq (Sea(i — 1), k)

—

Ph.D. Defense Jinseok Choi 9/10/19 CONTRIBUTION |



= PERFORMANCE ANALYSIS - PARTIAL CSI z)

1 Ergodic sum rate analysis for single path

n
o

" Exact AoA alignment

B3 1% 5 10 20
Proposition |

_ N. 1 1 1 1
R — —’LL Pu Ny F O — epu(l—a)Nyp F O
" In2 (6 ( ’puNr> ‘ ( " pu(l —&)Nr))

——

©c o
[
o

Ergodic rate without quantization rate loss due to quantization error

" Arbitrary AcA

s Vu ( SR U e 000 (o 1+ pu(1 — a)(N, — 1)N3f2(Nr))

RS ~ —— puaNr+pu(l1-a)N2F(Ny) T
2 2\ puaN, + py(1 — a)N2F;(N,)

1+pu(1—a>(Nu—1)N3f2<Nr)P (O 14+ pu(1 —a)(N, — 1)N3~7:2(N?")>>

—e pu(l—a)N2Fq (Ny)
pu(l — a)N2F1(N,)

| Remark | N, 1 1
PuNr F
As b — oo, both converge to | 3¢ (0, o Nr)

['(a, z): incomplete gamma function
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== SIMULATION - PERFORMANCE VALIDATION

Greedy: schedules user who provides maximum sum rate (sub-optimal performance with prohibitively high complexity)

Sum Rate vs. Transmit power

Figure | (40 RF chains) Figure 2 (6 dB Tx power)
Sub-optimality Sub-optimality
80 w w x 90 ‘ ‘ ‘ ‘
Full CSI N o N _4
700Nl e > 80 - Full CSI ==

D
o

Ergodic Sum Rate R [bps/Hz]

S ——

Ergodic Sum Rate R [bps/Hz|

~
o

[e2]
o

(o))
o

I — 2

s

Partial CSI .

: arglnal ga‘ln — — Greedy (proposed) |

30 — — Greedy (proposed) 40+
i —pP— CSS (proposed) —p— CSS (proposed)

——mBAS —6—8US

20 —6—SUS . 30+ —— mBAS e
—8— Chordal (proposed) —&— Chordal (proposed)
— Random scheduling — Random Scheduling

1 0 1 1 1 20 | | | | | | | | |

-10 0 5 10 15 30 40 50 60 70 80 90 100 110 120

Number of RF chains NRF

Transmit Power p [dB]

Quantization error dominates thermal noise
: CSS is effective under coarse quantization

Settings

As NRF increases, channels become more orthogonal
: quantization error becomes major bottleneck

128 antennas, 200 candidate users, |12 scheduled users, 3 ADC bits, 3 average channel paths

)

*

Sum Rate vs. # of RF chains

Ph.D. Defense Jinseok Choi

CONTRIBUTION |



== SIMULATION - ANALYSIS VALIDATION {)

*

Sum Rate vs. Transmit power Sum Rate vs. # of ADC bits

Figure 3 Figure 4

Ny, _1 1
pPuNpr F [
Converges to ¢ (0, pum)

110 w w w w 120 \
—p— Simulation (Arbitrary) . e B 0O -ttt o = ”
100 FlI— — RY in Proposition 2 (Arbitrary) > p=10dB
— S i D
Simulation (Exact) 100 i
N O R, in Proposition 1 (Exact) e
= 90 T
2 %
2. S b g & 80 |
80 . > - — = I N 40— "
| g g )
% ‘% p=0dB
= =
= 70 £ 60 i
g L =
=
s 60r 0 S N\ e _ 7
9 —— o ? g a0 AL —
)
S =L
S 50 L%D p=-10dB
M
40 20 — — Theoretical Convergence i
7 —— Chordal (Arbitrary)
3 Sum rate gap —— Chordal (Exacy
30 0 1 1 1 1 1 1 1 1
-10 -5 0 5 10 15 1 2 3 4 5 6 7 8 9 10
Transmit Power p [dB| Number of Quantization Bits b

Channel leakage reduces quantization error
: equal power spread in Theorem |

|28 antennas, 128 RF chains, 200 candidate users, |12 scheduled users, single channel path
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= EXTENSION TO RECEIVER POWER CONSTRAINT Z)

.
[ Joint binary search algorithm
: solves total power constrained MMSQE bit allocation problem
Nrr
i * :
P2 5 = arg min Ex;(bi) st. Py Ip
beRTRE (T %
a Total receiver power constraint
= Challenges in total receiver power
-------- Nrr rmmm——————meem——e mmmmmm—mmmmm PADC(b) = Cfs2b
Prow = N Pixa + {Y@e:cﬁN rPrs + Prrenain) +2 ) (r.’fé_'@_@_ﬁf?___),+£S_§zv_<f?__2> BB | Row(b) = canf2? — 2]
1=1
# of active 'RF chains Resolut:on-sw:tchmg power consumption
: function of ADC bits (0-bit: inactive) : function of previous bits and current bits
. Steps Joint binary search for Nact & b

*Channel gains are sorted in descending order

|. Offline Psw estimation 2. BA solution for fixed Nact 3.Total MSQE computation & comparison

Training and modeling » _
b; =log,

I[H 2 » Case: (Nact - |) (Nact ) (Nact + |)
. = + lo bli,: ||
avg. Psw as function of 2 f, 082 ST SE Nact—1 l - Noor+1
power constraint = ” MSQE: Z Ez;(bs) VS 25 ) VS > &, (B))
=1

Go to smaller half
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= SUMMARY

Proposed resolution-adaptive ADC receiver

N

Baseband >
Combiner

Wgg

»

Near optimal bit-allocation Worst case analysis

High SNR: minimizes mean
squared quantization error

» Lower bound of Ergodic rate for
proposed receiver architecture

Low SNR: maximizes
generalized mutual information

Selective bit allocation works for sparse channel with limited power consumption

9/10/19 CONTRIBUTION 2
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= SYMBOL ERROR RATE (SER) K)

°
Symbol Error Rate w. ZF equalizer
0.04 | | | N | Proposed Method
—p— Proposed BA algorithm \
0035k—9—FixedADC b=1 |
92 [ [ = Inifinite-resolution ADC = Achieves SER comparable to infinite-resolution
0.03 | | case at around Ptot = 120 W
0.025 1 = 30 % total receiver power saving from 4~5-bit
) ADC system
W 0.02 ]
0.015 . = 80 % total receiver power saving from *infinite-
bit (b = 12) ADC system
0.01 .
() b=4 b=7
0.005 - / / .
——>—D 4“396—9&—9——!>
O | | | | | | . . . .
80 100 120 140 160 180 200 *Power consumption of infinite-bit ADC system = 689 W
P Y

Total Receiver Power Constraint [Watt]
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== GREEDY MI-MAXIMIZING ANTENNA SELECTION r)

1 Decomposition of mutual information

) ) T quantization noise covariance
= Mutual information 5 Req = (1 — o) diag(pHcHY + 1)

v
C(Hx) = log, [T+ pa” (a’I+ qu)_lH,CHfCI|

~logy [T+ paD ' HKHY | where Dy = diag(1 + p(1 — a)[fic(o|?)
= At (n*1)th selection stage

C(Hpt1) = log, ‘I + P&D;JlrlHn+1Hg+1|

= log, ‘I + POéHf+1D;i1Hn+1| e (n+1) th row of Hn+1

I+ poz(H,,IjD;lHn—l—

= log, f;C(nJrl)f,Ig(nJrl))

dic(n+1)

Diagonal entry of D corresponding to fkn+1)

(@) —1
c,C(nH),n) where CIC(n+1),n:fI€I(n+1) I+P04H5D51Hn) fic(nt1)

= C(H,) + log, (H—

dlC(n+1)

Here, (a) comes from matrix determinant lemma |A + uv?| = |A|(1 + v A~ 1u)
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= COMPLEXITY OF QFAS ALGORITHM z)

d  Complexity analysis O Proposed algorithm

= Complexity for step 5: O(KN?) Quantization-Aware Fast Antenna Selection (QAFAS)

* K iterations x Inner product Qf D) Initialize: 7= {1,..., N} and Q = I

. : . 2) Initialize antenna gain and compute penalty:
Complexity for step 6: O(KN,-N,,) ¢ = |If]|2and d; = 1+ p(1 — o) || for j € T
« K iterati

rerations 3) Select antenna : J = argmax .t c;/d;.

x N, updates _
4) Update candidate set: 7 =T \ {J}.

x Inner product f?a o
5) Compute: a = (CJ + %al) ’Qf;and Q = Q — aa’.
= |arge antenna arrays (N, > N,,)

6) Update c; = ¢; — |f/'a|® forj € T.

Overall complexity becomes O(K Nr Nu) 7) Go to step 3 and repeat until select K antennas.
Complexity {__(_)_(_I_(__I)I_r_[\_h_;z_j

same as FAS [Gharavi-Alkhansario4]
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CONTRIBUTION 4

TWO-STAGE
ANALOG COMBINING




= PROOF OF THEOREM 2 - SCALING LAW

e Rewrite mutual information

C(Wrr) = log | Ing et pad (0ZWEWrp+Req) WE HHHWRF‘

 H - 1  H -
—log,|I+ %diag_l{ Wi p AW e+ B—pI}WgFAWRF .
b b

* Define G = WA’

1
C (WRF) = logQ

5 Bup

NRrF H2 > . ZA {GsubGSUb} Tr{GsubGsub} ZH[G SUb

(b) sub
= m10g2 < Bbm Z ||

sub]z ”2 + 5bP

ap IV, N
< mlog, (1 + % RF) < Ny log, (1 + ab RF) ~ Ny log,(Ngry)

BbNu

— [Gsub 0] and rewrite mutual information

L, + 2 GH, diag™" {H[Gsub]z-,:HQ i —} Guus

=1

Wgr = [Uj| UL|Wkgr,

.
WirHH” Wgp
= Wip[U) UL]"UAUY[U) UL ]Wgp

- n [UFULN AN UE, U, 0] &
:WII{F[ i UL, (;V., i:N, Ul 0] W

. >
-~
L

Q = UgAUg
Wgr = UqgWgp

Wgr : Nrr X Nrp unitary matrix
A = diag{\1,--- ,Am,0,---,0}

1<m <N,

& Ji:|I2

sub H2+ﬁ )
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= PROOF OF THEOREM 2 -TWO-STAGE SOLUTION z)

*  With two-stage solution in Theorem 2: Wxp = Wip Wi,

(1) Wgp, = [U:n, U]
(47) Wxr, : Nre x NRF unitary matrix with constant modulus

C (Wf{F) = log,

- 1 - * * * *
INgr + B—bdlag ' {WRIgHHHWRF + 55 Ine } WirHHY W |
’ Condition (i) and (ii)

N —1 i
() ap (DA, 1 «H * i
— 1 I L A 4.-__-__-__-__-__-__-__-____________.'
0ogo |1+ ( Ner -+ 5()’0 W RF, A Nrr YY RF,

N.
- Nrr
_ Zlogg (1 1 OpPLINRF Ak )

Nrr + (1 — ap)p 30 A

Ly
| N,
Recall channel model: h;, = /== E geka(Bfer)
Ly =1

k=1

N, (N gar N\ As Nrp — oo i.e., N, — 00, we have:
~ Y log N appNRF Ak /Ny > - o : L | Ly,
_ 2 N, ' Lo oo b 2 L 2

r k4 (1—ap)p SN Ai/N, v HITH - ding{ ;Ige,l\ SERY v ; lge.n. 17}

. = -

b i Y 1 <
(N) N, logs Nrr, as Nrr — o0. € » N, — I Z gei]* <o and k= Ngp/N, <1
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= SIMULATION RESULTS 3 r)

O Linear digital equalizers
" Nr=128,Nrr =43,Nu=8,b =2,and # paths = 3
Fig. 4: Rate vs. SNR

35

40 40
] = =
S 3 P
2, 2.35¢f 2,35
=, 2, =,
2 [ 2
% 230+ 2301
& S =
= - g el
cg c'/':) 25+ (.,':1) 25
% 20 — SVD-DFT ) -::2 : —i‘};g—?g’;c( ) ,g A —__SVD.DFT
ARV-TSAC (proposed —~— - prop -TS Tropose
§° i(}rccdy—l\ﬂ i go 20 —— Greedy-MI T ',?P 20 j—é:z\idi'—s\?f (proposed) |
€3] —©—ARV = g —— ARV j£3) I —S— ARV
—8-SVD —=—SVD —8-SVD
15 1 3 1 n 1 5 1 1 1 1 15 1 1 1 1
-10 -5 0 5 10 15 -10 -5 0 5 10 15 -10 -5 0 5 10 15
SNR p [dB] SNR p [dB] SNR p [dB]
(a) MRC (b) ZF (c) MMSE

" Proposed algorithm provides higher rates than one-stage algorithms
" Proposed algorithm achieves MMSE performance with ZF whereas one-stage algorithms cannot achieve it
— one-stage algorithms suffer from large quantization errors

Simple equalizer can achieve high rate with two-stage analog combining
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= ANALOG BEAMFORMING IN OFDMWITH LOW-RESOLUTION ADCS

=  Mutual Information for subcarrier n

Ry = logy |In, + pay (031N, + Raua,)” WipGn Gy, WRF‘

Quantization noise covariance matrix Quantlzatlon noise covariance matrix
- H
anQn — Oéb(]_ o ab)dlag{E[rnrn ]} J27T(n 1)£
E ng ~ Nse

= ap(1 — o )diag{ pPWp BB Wgp + Iy, }
B = [HQ,O,"‘ O, Hp_q,--- 7H1]

Maximize gain by capturing frequency domain channel gain

VS

Minimize quantization error by manipulating time domain delay channels
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