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3a. How toDerive𝑅𝑖𝑛,𝑓 and𝑅𝑜𝑢𝑡,𝑓
The test-source method: zero the input, apply 𝑉𝑥, and find 𝑉𝑥/𝐼𝑥

The Recipe

1 Model the forward amplifier with a finite 𝑅𝑖𝑛 and 𝑅𝑜𝑢𝑡, and
keep the feedback network ideal (pure 𝛽, no loading).

2 Zero the independent source: 𝑉𝑠 = 0 for series mixing, 𝐼𝑖 = 0
(open) for shunt mixing.

3 Apply a test source 𝑉𝑥 at the port of interest and find the
current 𝐼𝑥 it delivers.

4 Express the error signal (𝑉𝑖 or 𝐼𝑒) in terms of 𝑉𝑥, then
propagate it through 𝐴 and 𝛽.

5 Write KVL for a series connection or KCL for a shunt
connection at that port.

6 Form 𝑅 = 𝑉𝑥/𝐼𝑥. The returned signal always opposes the test
source, so the factor 1 + 𝑇 appears.

Loop gain 𝑇 = 𝛽𝐴𝑣, 𝛽𝑅𝑚, 𝛽𝐺𝑚, 𝛽𝐴𝑖: 𝛽 times the relevant open-loop gain.

Where the Test Source Goes

1 Series mixing (input). 𝑉𝑥 sits in series with 𝑅𝑖𝑛, so the same 𝐼𝑥
flows through it: 𝑅𝑖𝑛,𝑓 = 𝑅𝑖𝑛(1 + 𝑇 ).

2 Shunt mixing (input). 𝑉𝑥 sits across the input node and 𝐼𝑥
splits into 𝐼𝑒 and 𝐼𝑓 : 𝑅𝑖𝑛,𝑓 = 𝑅𝑖𝑛/(1 + 𝑇 ).

3 Voltage sensing (output). 𝑉𝑥 is applied in parallel with the
output: 𝑅𝑜𝑢𝑡,𝑓 = 𝑅𝑜𝑢𝑡/(1 + 𝑇 ).

4 Current sensing (output). 𝑉𝑥 is inserted in series with the
output wire: 𝑅𝑜𝑢𝑡,𝑓 = 𝑅𝑜𝑢𝑡(1 + 𝑇 ).

Commonmistake

When the loop senses current, never place 𝑉𝑥 in parallel with the
output: the feedback network must carry the same current as the
test source, otherwise the answer comes out inverted.

Feedback regulates whatever it senses and opposes whatever is mixed in, which is why every impedancemoves by exactly 1 + 𝑇 .

Use the notation of the feedback block diagram throughout the deck.
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4a. Voltage–Voltage: Impedance Derivations
Series mixing raises 𝑅𝑖𝑛 and voltage sensing lowers 𝑅𝑜𝑢𝑡, both by 1 + 𝛽𝐴𝑣

Input Resistance— SeriesMixing

𝐼𝑥

𝑉𝑥 Σ
+

−
𝑅𝑖𝑛

𝑉𝑖+ −

𝐴𝑣

𝑉𝑜

𝛽
𝑉𝑓 = 𝛽𝑉𝑜

1 Series mixing puts 𝑅𝑖𝑛 in the test loop, so 𝑉𝑖 = 𝐼𝑥𝑅𝑖𝑛.

2 The returned voltage is 𝑉𝑓 = 𝛽𝑉𝑜 = 𝛽𝐴𝑣𝑉𝑖 = 𝛽𝐴𝑣𝐼𝑥𝑅𝑖𝑛.

3 KVL around the input loop: 𝑉𝑥 = 𝑉𝑖 + 𝑉𝑓 = 𝐼𝑥𝑅𝑖𝑛(1 + 𝛽𝐴𝑣).

𝑅𝑖𝑛,𝑓 = 𝑉𝑥
𝐼𝑥

= 𝑅𝑖𝑛 (1 + 𝛽𝐴𝑣) = 𝑅𝑖𝑛(1 + 𝑇 )

Output Resistance—Voltage Sensing

𝐴𝑣

𝑉𝑖 = −𝛽𝑉𝑥

𝑅𝑜𝑢𝑡

𝑉𝑥

𝐼𝑥

𝛽
𝑉𝑓 = 𝛽𝑉𝑥

1 Set 𝑉𝑠 = 0 and apply 𝑉𝑥 across the output. The loop senses it,
so 𝑉𝑓 = 𝛽𝑉𝑥 and 𝑉𝑖 = −𝑉𝑓 = −𝛽𝑉𝑥.

2 The internal source of the forward amplifier becomes 𝐴𝑣𝑉𝑖 =
−𝛽𝐴𝑣𝑉𝑥.

3 Through 𝑅𝑜𝑢𝑡: 𝐼𝑥 = [𝑉𝑥 − (−𝛽𝐴𝑣𝑉𝑥)]/𝑅𝑜𝑢𝑡 = 𝑉𝑥(1 + 𝛽𝐴𝑣)/𝑅𝑜𝑢𝑡.

𝑅𝑜𝑢𝑡,𝑓 = 𝑉𝑥
𝐼𝑥

= 𝑅𝑜𝑢𝑡
1 + 𝛽𝐴𝑣

= 𝑅𝑜𝑢𝑡
1 + 𝑇

The series–shunt loop pushes the stage toward an ideal voltage amplifier: high𝑅𝑖𝑛, low𝑅𝑜𝑢𝑡.

Use the notation of the feedback block diagram throughout the deck.
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5a. Voltage–Current: Impedance Derivations
Shunt mixing lowers 𝑅𝑖𝑛 and voltage sensing lowers 𝑅𝑜𝑢𝑡, both by 1 + 𝛽𝑅𝑚

Input Resistance— ShuntMixing

𝑉𝑥

𝐼𝑥

𝑅𝑖𝑛 𝐼𝑒

𝑅𝑚

𝑉𝑜

𝛽
𝐼𝑓 = 𝛽𝑉𝑜

1 Apply 𝑉𝑥 at the input node. With 𝑅𝑖𝑛 in shunt, the error
current is 𝐼𝑒 = 𝑉𝑥/𝑅𝑖𝑛.

2 Then 𝑉𝑜 = 𝑅𝑚𝐼𝑒, so the returned current is 𝐼𝑓 = 𝛽𝑉𝑜 =
𝛽𝑅𝑚𝑉𝑥/𝑅𝑖𝑛.

3 KCL at the input node: 𝐼𝑥 = 𝐼𝑒 + 𝐼𝑓 = (𝑉𝑥/𝑅𝑖𝑛)(1 + 𝛽𝑅𝑚).

𝑅𝑖𝑛,𝑓 = 𝑉𝑥
𝐼𝑥

= 𝑅𝑖𝑛
1 + 𝛽𝑅𝑚

= 𝑅𝑖𝑛
1 + 𝑇

Output Resistance—Voltage Sensing

𝑅𝑚

𝐼𝑒 = −𝛽𝑉𝑥

𝑅𝑜𝑢𝑡

𝑉𝑥

𝐼𝑥

𝛽
𝐼𝑓 = 𝛽𝑉𝑥

1 Open the input source (𝐼𝑖 = 0) and apply 𝑉𝑥 at the output; the
loop returns 𝐼𝑓 = 𝛽𝑉𝑥.

2 With the input open, 𝐼𝑒 = −𝐼𝑓 = −𝛽𝑉𝑥, so the internal output
source is 𝑅𝑚𝐼𝑒 = −𝛽𝑅𝑚𝑉𝑥.

3 Through 𝑅𝑜𝑢𝑡: 𝐼𝑥 = [𝑉𝑥 − (−𝛽𝑅𝑚𝑉𝑥)]/𝑅𝑜𝑢𝑡 = 𝑉𝑥(1 + 𝛽𝑅𝑚)/𝑅𝑜𝑢𝑡.

𝑅𝑜𝑢𝑡,𝑓 = 𝑉𝑥
𝐼𝑥

= 𝑅𝑜𝑢𝑡
1 + 𝛽𝑅𝑚

= 𝑅𝑜𝑢𝑡
1 + 𝑇

The shunt–shunt loopmakes a good current sensor and a good voltage source: both port impedances fall by 1 + 𝑇 .

Use the notation of the feedback block diagram throughout the deck.
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6a. Current–Voltage: Impedance Derivations
Series mixing raises 𝑅𝑖𝑛 and current sensing raises 𝑅𝑜𝑢𝑡, both by 1 + 𝛽𝐺𝑚

Input Resistance— SeriesMixing

𝐼𝑥

𝑉𝑥 Σ
+

−
𝑅𝑖𝑛

𝑉𝑖+ −

𝐺𝑚

𝐼𝑜

𝛽
𝑉𝑓 = 𝛽𝐼𝑜

1 The test current flows through 𝑅𝑖𝑛, so 𝑉𝑖 = 𝐼𝑥𝑅𝑖𝑛.

2 The loop senses the output current: 𝑉𝑓 = 𝛽𝐼𝑜 = 𝛽𝐺𝑚𝑉𝑖 =
𝛽𝐺𝑚𝐼𝑥𝑅𝑖𝑛.

3 KVL around the input loop: 𝑉𝑥 = 𝑉𝑖 + 𝑉𝑓 = 𝐼𝑥𝑅𝑖𝑛(1 + 𝛽𝐺𝑚).

𝑅𝑖𝑛,𝑓 = 𝑉𝑥
𝐼𝑥

= 𝑅𝑖𝑛 (1 + 𝛽𝐺𝑚) = 𝑅𝑖𝑛(1 + 𝑇 )

Output Resistance—Current Sensing

𝐺𝑚

𝑉𝑖 = −𝛽𝐼𝑥

𝑅𝑜𝑢𝑡

𝐼𝑥

𝑉𝑥

+ −

𝛽
𝑉𝑓 = 𝛽𝐼𝑥

1 Insert 𝑉𝑥 in series with the output wire; the feedback network
then carries the same current, so 𝑉𝑓 = 𝛽𝐼𝑥.

2 Hence 𝑉𝑖 = −𝛽𝐼𝑥, and the forward stage sources 𝐺𝑚𝑉𝑖 =
−𝛽𝐺𝑚𝐼𝑥 into the output node.

3 KCL at the output node: 𝐼𝑥 = 𝑉𝑥/𝑅𝑜𝑢𝑡 − 𝛽𝐺𝑚𝐼𝑥.

𝑅𝑜𝑢𝑡,𝑓 = 𝑉𝑥
𝐼𝑥

= 𝑅𝑜𝑢𝑡 (1 + 𝛽𝐺𝑚) = 𝑅𝑜𝑢𝑡(1 + 𝑇 )

The series–series loop pushes the stage toward an ideal transconductor: a stiff current output with a high𝑅𝑜𝑢𝑡.

Use the notation of the feedback block diagram throughout the deck.
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7a. Current–Current: Impedance Derivations
Shunt mixing lowers 𝑅𝑖𝑛 and current sensing raises 𝑅𝑜𝑢𝑡, both by 1 + 𝛽𝐴𝑖

Input Resistance— ShuntMixing

𝑉𝑥

𝐼𝑥

𝑅𝑖𝑛 𝐼𝑒

𝐴𝑖

𝐼𝑜

𝛽
𝐼𝑓 = 𝛽𝐼𝑜

1 Apply 𝑉𝑥 at the input node; the error current through 𝑅𝑖𝑛 is
𝐼𝑒 = 𝑉𝑥/𝑅𝑖𝑛.

2 Then 𝐼𝑜 = 𝐴𝑖𝐼𝑒, so the returned current is 𝐼𝑓 = 𝛽𝐼𝑜 =
𝛽𝐴𝑖𝑉𝑥/𝑅𝑖𝑛.

3 KCL at the input node: 𝐼𝑥 = 𝐼𝑒 + 𝐼𝑓 = (𝑉𝑥/𝑅𝑖𝑛)(1 + 𝛽𝐴𝑖).

𝑅𝑖𝑛,𝑓 = 𝑉𝑥
𝐼𝑥

= 𝑅𝑖𝑛
1 + 𝛽𝐴𝑖

= 𝑅𝑖𝑛
1 + 𝑇

Output Resistance—Current Sensing

𝐴𝑖

𝐼𝑒 = −𝛽𝐼𝑥

𝑅𝑜𝑢𝑡

𝐼𝑥

𝑉𝑥

+ −

𝛽
𝐼𝑓 = 𝛽𝐼𝑥

1 Leave the input open (𝐼𝑖 = 0) and insert 𝑉𝑥 in series with the
output, so 𝐼𝑓 = 𝛽𝐼𝑥.

2 With the input open, 𝐼𝑒 = −𝐼𝑓 = −𝛽𝐼𝑥, and the forward
amplifier delivers 𝐴𝑖𝐼𝑒 = −𝛽𝐴𝑖𝐼𝑥.

3 KCL at the output node: 𝐼𝑥 = 𝑉𝑥/𝑅𝑜𝑢𝑡 − 𝛽𝐴𝑖𝐼𝑥.

𝑅𝑜𝑢𝑡,𝑓 = 𝑉𝑥
𝐼𝑥

= 𝑅𝑜𝑢𝑡 (1 + 𝛽𝐴𝑖) = 𝑅𝑜𝑢𝑡(1 + 𝑇 )

The shunt–series loopmakes the stage a better current amplifier: it accepts current easily and delivers it stiffly.

Use the notation of the feedback block diagram throughout the deck.






