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1. 
(a) 已知inverter的，從inverter 的dc curve可知，transition point為Vin=873mV：
[image: ]Vin(V)
Vout(V)

將Vin設為873mV，並求此情形下的Cg：
[image: ]
在一般情況下取，已知：






Take N=7,



與假設相近故可驗證假設正確。


(b) 
在此為方便計算，故先求出第一顆指定inverter的pull-up propagation delay與pull-down propagation delay：
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因為已知，，由上面測量結果可知，

將(a)中所計算出的stage number N與stage delay：
乘上time constant  後，可得：

為符合題意，嘗試不同stage number N，以求得更小time delay，可得下表(因為為inverter buffer所以N只可為奇數)：
	N
	
	D

	3
	27.67
	86.0114

	5
	7.3318
	41.659

	7
	4.1496
	36.0472

	9
	3.0246
	36.2214

	11
	2.4733
	38.2



由上表可知，當stage number N=7時，delay為最小，故只能取N=7。
為求設計每一stage的size，先計算最後一stage Cin：


其餘stage同樣：


所以下一stage的W與L為前一stage的4倍(i.e. PMOS, NMOS size都是0.5u/0.18u，只是transistor number增加4倍)，因此設計出下表：
	Stage
	1
	2
	3
	4
	5
	6
	7

	PMOS number
	3
	12
	48
	192
	768
	3072
	12288

	NMOS
number
	1
	4
	16
	64
	256
	1024
	4096



將設計結果模擬可得知：
	tpdr
			tpdf

	618ps
	621ps
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最後驗證設計條件是否符合模擬結論(i.e. last stage Cin = 19.28pF. Next stage Cin = 4 times previous stage Cin)：
[image: ]
由上圖可知，結果大致符合設計條件。
(c) 
因為傳輸一訊號至out的delay為，而傳遞訊號反轉週期為
所以震盪頻率：


(d) Vin (V)
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[image: ]
將in設initial condition = 1.8V後，可得上面兩張結果。

(e) 
由(c)與(d)可發現，手算預估頻率與實際模擬頻率有些差異，但數量級一樣：
手算：
模擬：
誤差百分比：8.54%
因為Ring oscillator是透過每stage delay time實現input與output的時間差，並利用時間差產生oscillation period，因此：

而元件的time delay 與其parasitic capacitor和resistance有關：

因為前面手算時是用open loop情況下的各值進行計算，而實際卻是closed loop，因此以下為討論為何兩者會有誤差。
下面兩張為模擬 closed loop與open loop情形時，每node的capacitance： 
Closed loop :
[image: ]

Open loop :
[image: ]

從上圖可發現open loop每node的電容都不相同，並可整理出下表：
	Closed
Loop
	
	
	
	
	
	
	

	Stage
	1
	2
	3
	4
	5
	6
	7

	Cout/Cin
	0.000141
	5.274613
	3.545922
	4.512173
	3.545928
	4.512263
	5.260049

	, 
	1
	1
	1
	1
	1
	1
	1

	
	30.21821

	Open loop
	
	
	
	
	
	
	

	Stage
	1
	2
	3
	4
	5
	6
	7

	Cout/Cin
	4.32977
	4.512237
	3.545922
	4.512173
	3.545928
	4.512263
	5.259912

	,
	1
	1
	1
	1
	1
	1
	1

	
	26.65109


從上表最終計算出的delay可發現，因為closed loop在stage two 雖然較open loop的大，但stage one極小，而使整體delay closed loop較open loop小，也因此模擬oscillation frequency較手算大一些。

2. 
此題主要計算power的方式為取第一顆inverter PMOS source端電流在一周期內的平均值後，再乘Vdd (1.8V)即可得到平均功率，並利用平均功率乘時間得消耗能量，而因為題目有要求不同時間區段，以前述相同方法，只是取不同時間段的平均電流，
(a) 
以下為利用.MEAS與waveview所找出來的tpdf, tpdr, power dissipation :
	Corner
	
	
	
	


	TT
	106.4766p
	154.4526p
	109.6999f
	548.4994n

	FF
	120.1478p
	154.2097p
	119.9474f
	599.7368n

	SS
	201.0861p
	315.4807p
	122.3199f
	611.5996n




Tpdr :Case : TT
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Average power consumption, tpdr and tpdf by meas.
TT :
[image: ]


FF :

說[image: ]

SS :
[image: ]


(b) 
以下為各區段時間內的average power, power dissipation (energy) 及百分比:
	Corner/interval
	Pdf
	Pdr
	Leakage
	Total

	TT
	

	Average power(W)
	-37.5301u
	685.6833u
	38.8672n
	548.4994n

	Total Energy(J)
	-3.9970f
	105.9381f
	7.7633f
	109.7044f

	Percent.
	-36.4338m
	965.6682m
	70.7656m
	100%

	FF
	

	Average power(W)
	-39.1486u
	735.9611u
	56.1157n
	599.7368n

	Total energy(J)
	-4.7017f
	113.4852f
	11.2078f
	119.9912f

	Percent.
	-39.1840m
	945.7793m
	93.4048m
	100%

	SS
	

	Average power(W)
	-26.3836u
	378.6169u
	47.6292n
	611.5996n

	Total energy(J)
	-5.3057f
	119.4536f
	9.5012f
	123.6491f

	Percent.
	-42.9096m
	966.0693m
	76.8403m
	100%




以下為各corner下的各項measure及node capacitance，和計算dc short 及 parasitic capacitance power dissipation:
TT :
[image: ]
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取Vin從0V->1.8V與1.8V->0V時，流經第一顆inverter source端的電流平均值，再乘1.8V即可得到short時的power，利用.meas計算可得
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Falling :
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取Vin從0V->1.8V與1.8V->0V時，流經第一顆inverter source端的電流平均值，再乘1.8V即可得到short時的power，利用.meas計算可得
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取Vin從0V->1.8V與1.8V->0V時，流經第一顆inverter source端的電流平均值，再乘1.8V即可得到short時的power，利用.meas計算可得

Rising :
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schematic circuit:
1.
[image: ]
2.
[image: ]

.Sp file

Hw3_1.sp :
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4| xxxxxsxsas power per period ~
50 .measure TRAN i_avg AVG I3 (x1.MM1) from=100n to=300n

51 .Meas tran average_power param = 'i_avg * -1.8"

52 .Meas tran total power param = 'i_avg * -1.8 * (300n-100m)°

53

54| xx#xsxsxsx paf / pdr power dissipation

B

56/ .Meas tran avg I pdf AVG I3(x1.MM1) from=200.0110n £6=200.1175n

57| .meas tran avg P_pdf param = 'avg_I pdf *-1.8'

58| .meas tran total P_pdf param = 'avg I pdf *-1.8 * (200.1175n-200.0110m)'
59 .Meas tran avg I pdr AVG I3(x1.MM1) from=300.0210n to=300.1755n

60| .meas tran avg_P_pdr param = 'avg_I pdr *-1.8'

61 .meas tran total P_pdr param = 'avg_I_pdr *-1.8 *(300.17550-300.0210n)"
62

63 *#x4xsx14x leakage power dissipation

.Meas tran avg_I_low AVG I3(x1.MM1) from=100.1755n £o=200.0110n
.meas tran total P_low param = 'avg_I_low *-1.8 *(200.0110n-100.1755n) "

\Meas tran avg_I_high AVG I3(x1.MM1) from=200.1175n to=300.0210n

.meas tran total P_high param = 'avg I high *-1.3 *(300.0210n-200.1175n)"

.meas tran total P_steady param = 'total P_high + total PB_low'

.meas tran avg_P_steady param = 'total P_steady/((200.0110n-100.1755n)+(300.0210n-200.11750))

3383882

71 *#sxsxans total power dissipation and percentage
72 .meas tran total P param = 'total P_steady + total P_pdr + total P_pdf'

73 .meas tran pdf_percent param = ' Total P_pdf / total B
74 .neas tran pdr_percent param = ' total P pdr / total B

75 .meas tran leakage_percent param = ' total P_steady / total P’
7

saxakssas do short
.meas tran avg_der_i AVG I3(x1.MMl) from=200.0ln £o=200.02n
.meas tran avg_der_p param = 'avg_dcr_i*-1.840.01n’

.meas tran avg_def_i AVG I3(x1.MMl) from=300.02n to=300.03n
.meas tran avg_def_p param = 'avg_def_i*-1.840.01n’

.meas tran avg_dc_p param =' (avg_dof_p+avg_dor_p)/0.02n'

.de vin 0 1.8 0.01
.tran 0.0ln 500n

*+Gate-to-drain current
.plot tran LX4 (x1.MM1)
.plot tran X4 (x2.MM1)
.plot tran X4 (x3.MM1)
.plot tran X4 (x4.MM1)
.plot tran X4 (x5.MM1)

888G RRRE8E88%8aRBRREYAY

1
101 **Drain current

102 .plot tran LXS (x1.MM1)
103 .plot tran LXS (x2.MM1)
104 .plot tran LXS (x3.MM1)
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.plot tran LX4 (x4.MM1) ~
.plot tran X4 (x5.MM1)

57
s
s
100
101 **Drain current

102 .plot tran LXS (x1.MM1)

103 .plot tran LXS (x2.MM1)

104 .plot tran LXS (x3.MM1)

105 .plot tran LXS (x4.MM1)

106 .plot tran LXS (x5.MM1)

107 #*#1Current entering the drain

108 .plot tran I1(x1.MM1)

109 .plot tran I1(x1.MMO)

110/ **##1Current entering the gate
111).plot tran I2(x1.MM1)

112).plot tran I2 (x1.MM0)

113).plot tran I2(x2.MM1)

114).plot tran I2 (x2.MM0)

115 .plot tran I2(x3.MM1)

116/ .plot tran I2(x3.MM0)

117|.plot tran I2 (x4.MM1)

118|.plot tran I2 (x4.MM0)

119 .plot tran I2(x5.MM1)

120 .plot tran I2(x5.MM0)

121

122

123 x*##1Current leaving the source
124).plot tran I3 (x1.MM1)

125 .plot tran I3 (x1.MMO)

126 **#++sCurrent entering the substrate
127).plot tran I4(x1.MM1)

128 .plot tran I4(x1.MM0)

129

130/ .alter case 2
131 .cemp 135

132 .13b 'cicols.l' FF

133

134

135/ #x#x4x54% pdf / pdr power dissipation

136

137 .Meas tran avg I pdf AVG I3(x1.MM1) from=200.0110n £o=200.131ln

138 .meas tran avg P_pdf param = 'avg I pdf *-1.8 '

139 .meas tran total P_pdf param = 'avg I pdf -1.8 *(200.131ln -200.0110m)"

140 .Meas tran avg I pdr AVG I3 (x1.MM1) from=300.0210n £o=300.1752n

141 .meas tran avg P_pdr param = 'avg I pdr *-1.8 '

142 .meas tran total P_pdr param = 'avg I pdr +-1.8 * (300.1752n-300.0210n)"

143

144/ xx#x4x54 leakage power dissipation

145 .Meas tran avg I low AVG I3(x1.MM1) from=100.1752n £o=200.0110n

146 .meas tran total P_low param = 'avg I low -1.8 *(200.0110n-100.1752n)"

147 .Meas tran avg I high AVG I3(x1.MMl) From=200.1311n £o=300.0210n

148 .meas tran total P_high param = 'avg_I_high *-1.8 *(300.0210n-200.1311n)’

149 .meas tran total P_steady param = 'total P_high + total P_low'

150 .meas tran avg P_steady param = 'tocal P_steady/((200.0110n-100.1752n)+(300.0210n-200.1311n)) "
151

152

FF 135C
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138 .meas tran avg P_pdf param j_I_paf *-1.8 ~
139 .meas tran total P_pdf param = 'avg I pdf -1.8 *(200.131ln -200.0110m)"

140 .Meas tran avg I pdr AVG I3 (x1.MM1) from=300.0210n £o=300.1752n

141 .meas tran avg P_pdr param = 'avg I pdr *-1.8 '

142 .meas tran total P_pdr param = 'avg I pdr +-1.8 * (300.1752n-300.0210n)"

143

144/ xx#x4x54 leakage power dissipation

145 .Meas tran avg I low AVG I3(x1.MM1) from=100.1752n £o=200.0110n

146 .meas tran total P_low param = 'avg I low -1.8 *(200.0110n-100.1752n)"

147 .Meas tran avg I high AVG I3(x1.MMl) From=200.1311n £o=300.0210n

148 .meas tran total P_high param = 'avg_I_high *-1.8 *(300.0210n-200.1311n)’

149 .meas tran total P_steady param = 'total P_high + total P_low'

150 .meas tran avg P_steady param = 'tocal P_steady/((200.0110n-100.1752n)+(300.0210n-200.1311n)) "
151

152

153 x+#sxssxssotal power dissipation and percentage

154 .meas tran total P param = 'total P_steady + total P_pdr + total P_pdf'

155/ .meas tran pdf_percent param = ' Total P_pdf / total B!
156/ .meas tran pdr_percent param = ' total P_pdr / total B!

157 meas tran leakage_percent param = ' toval B_steady / total B
158

T ——.—

160

161 .alter case 3 : S5 -40C
162 .temp 40

163 .1ib 'cicols.l' ss

164

165

166|*++#xrrss pdf / par power dissipation

167

168| .Meas tran avg_I_pdf AVG T3(x1.MM1) from=200.0110n to=200.2121n

169|.meas tran avg_P_pdf param = 'avg I pdf *-1.8'

170/ .meas tran total P_pdf param = 'avg L pdf *-1.8 *(200.212ln =-200.0110n)"
171 Meas tran avg_T_pdr AVG I3 (x1.MM1) from=300.0210n to=300.3365n

172|.meas tran avg_P_par param = 'avg I pdr *-1.8'

173 .meas tran total P_pdr param = 'avg_Ipdr *-1.8 * (300.33853-300.0210m)°
174|+x+xrures leakage power dissipavion

175

176| Meas tran avg_I_low AVG T3(x1.MM1) from=100.3365n to=200.0110n

177 .meas tran total P_low param = 'avg_I_low *-1.8 *(200.0110n-100.3385n)"
178| Meas tran avg_T_high AVG I3 (x1.MMI) from=200.2121n to=300.0210n

179 .meas tran total P_high param = 'avg_I_high f-1.3 *(300.0210-200.2121n)"
180 .meas tran total P steady param = 'total P_high + total P_low'

181 .meas tran avg_P_steady param = 'total P_steady/((200.0110n-100.3385n)+(300.02100-200.2121n)) "
182

163/ xxxxrsssartotal power dissipation and percentage

184 .meas tran total P param = ‘total P_steady + total P_pdr + total P_pdf'
185/ .meas tran pdf_percent param = ' Total P_pdf / toval B!

186/ .meas tran pdr_percent param = ' total P_pdr / total B!

167 .meas tran leakage_percent param = ' toval B_steady / total B

188

N —

190

191 .end

192

193
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42)MM0 out in vss vss N_lg
.ENDS
45 .SUBCKT inv7 in out vdd vss
461 out in vad vdd B_l8 1=0.18u m=1228%
47)1M0 out in vss vss N_18 W=0.5u L=0.18u m=4096
48 .ENDS
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1=0.18u m=3072
1=0.18u m=102¢
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