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Introduction

• Considerations for wireless systemsCo s de a o s o e ess sys e s
– Spectral efficiency.

Energy efficiency– Energy efficiency.
– Various QoS guarantees, e.g., delay in real-time 

iservices.
• Useful ideas

– Spectral efficiency-bit energy tradeoff.
– Statistical QoS guarantees and the effectiveStatistical QoS guarantees and the effective 

capacity.
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System Modely

Fig.1 System Model.
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System Modely
• Simplified formp

– Average power constraint .
[ ] [ ] [ ] [ ], 1, 2,y i h i x i n i i= + = …

{ }2[ ]x i PΕ ≤Average power constraint               .
– is zero-mean, complex Gaussian random variable 

with variance     .

{ }[ ]

[ ]n i
0N

– Frame length   , bandwidth   , and hence signal-to-
noise ratio                    .      

B
0SNR=P / ( )N B

T

• Instantaneous service rate 
– Only receiver has CSI:                               bits/s.                 

[ ]R i

( )2[ ] log 1 SNR [ ]R i B z i= +y
– Transmitter also has CSI:                                   bits/s.
– Above, .

( )
( )2 opt[ ] log 1 ( , [ ]) [ ]R i B z i z iμ θ= +

2[ ] [ ]z i h i=
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System Modely

• Optimal power-adaptation policyOptimal power adaptation policy
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– is the channel threshold.
– is the normalized QoS exponent.
α

log 2
TBθβ = is the normalized QoS exponent.

– Average power constraint                    . 
log 2e

( ){ }opt , SNRzμ θΕ =
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Effective Capacityp y

• Effective capacity
– Delay violation probability can be expressed 

as                          .{ } max
maxPr ( ) DD D e θ−∞ > ≈

– Let                be the discrete-time stationary and 
ergodic stochastic service process and                    

1

[ ] [ ]
t

i

S t R i
=
∑�

{ }[ ], 1, 2,R i i = …

be the time-accumulated process, the Gartner-
Ellis limit of     is[ ]St

{ }[ ]1 Sθ .
– Effective capacity is defined as

{ }[ ]1( ) lim log S t
C et

e
t

θθ
→∞

Λ = Ε

bits/s.( )(SNR, ) C
EC θθ

θ
Λ −

= −
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Spectral Efficiency-Bit Energyp y gy

• Spectral efficiency vs bit energy• Spectral efficiency vs. bit energy
– The spectral efficiency in bits/s/Hz is

{ }[ ](SNR, ) 1(SNR ) log TR iEC e θθθ −= = − ΕC .
– We have shown that            is a concave function of 

SNR
(SNR)EC

{ }(SNR, ) logE e e
B TB

θ
θ

= = ΕC

SNR.
– Minimum bit energy for reliable communication is

1bE
= � .

– The slope    of spectral efficiency versus          is
0 min (0)E

N C�

0S 0/bE N
( )2

2 (SNR)C� .( )
0

2 (SNR)
log 2

(SNR)

E

e
E

S = −
C

C��
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Energy Efficiency in the Low-Power 
RegimeRegime

• We first consider the low-power regime andWe first consider the low power regime and 
assume          while the bandwidth    is fixed.

• CSI at the receiver only
0P → B

CSI at the receiver only
– The spectral efficiency for given    in terms of SNR is

.
θ

{ }1(SNR) log (1 SNR )E e z
TB

β

θ
−= − Ε +C

– We have derived that
{ }TBθ

{ }
log 2b eE

= { }0 2

2S =

,                        .
– Then, the minimum received bit energy is

{ }0 minN zΕ { }
{ }( )

0 2

2( 1)
z

z
β β

Ε
+ −

Ε

.{ }
0 0min min

1.59dB
r

b bE E z
N N

= Ε = −
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Energy Efficiency in the Low-Power 
RegimeRegime
CSI known at receiver only
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Energy Efficiency in the Low-Power 
RegimeRegime

• CSI at both the transmitter and receiverCSI at both the transmitter and receiver 
– The spectral efficiency for given    in terms of 

SNR is
θ

⎛ ⎞SNR is
11(SNR) log ( ) ( )E e

zF
TB

β
β

α τ α
θ α

−
+

⎛ ⎞⎧ ⎫⎪ ⎪⎛ ⎞⎜ ⎟= − +Ε⎨ ⎬⎜ ⎟⎜ ⎟⎝ ⎠⎜ ⎟⎪ ⎪⎩ ⎭⎝ ⎠

C

where                 ,            .
– We have shown that

{ }{ }( ) 1F zα α= Ε < { }( ) 1 tτ α α= ≥

.
– is the maximum value that the random

0 maxmin

log 2b eE
N z

=

z– is the maximum value that the random 
variable    can take, and for distributions with 
unbounded support we have

maxz

z
0bE

=
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unbounded support, we have        .
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Energy Efficiency in the Low-Power 
RegimeRegime
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Energy Efficiency in the Wideband 
RegimeRegime

• We study the performance at high bandwidths while 
the average power     is kept fixed.

• CSI at the receiver only
1

P

– The spectral efficiency as a function of         is:
2
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Energy Efficiency in the Wideband 
RegimeRegime
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Energy Efficiency in the Wideband 
RegimeRegime

• CSI at both the transmitter and receiver
Th t l ffi i f ti f i– The spectral efficiency as a function of            is:

.( )
log 2

( ) log ( )e

T
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.
– In wideband regime, we have 
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Energy Efficiency in the Wideband 
RegimeRegime
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Conclusion
• We have characterized an energy-delay tradeoff by 

id i h ff i iconsidering the effective capacity
– Expressions for the minimum bit energy and wideband 

slope in the presence of QoS constraints have beenslope in the presence of QoS constraints have been 
obtained.

– Through the analysis of spectral efficiency-bit energy 
t d ff h tifi d th i dtradeoff, we have quantified the increased energy 
requirements.

– While the bit energy levels can approach in the low-power gy pp p
regime to those that can be obtained in the absence of 
QoS constraints, strictly higher bit energy values are 
needed in wideband regime.needed in wideband regime.
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