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ABSTRACT: For better performance, rail-to-rail output single-stage amplifiers are a potential replacement of their
multi-stage counterparts, especially for display applications that entail massive buffer amplifiers in their column
drivers. This paper describes a nested-current-mirror (NCM) technique for a single-stage amplifier to achieve high DC
gain, gain-bandwidth product (GBW) and slew rate (SR). NCM technology is customizable for different mirror steps,
and sub mirror ratios, to balance the performance metrics while preserving a rail-to-rail output swing. NCM amplifier
can mitigate the fundamental power-efficiency limit set by the basic differential-pair (DP) amplifier. Two prototypes,
5-step and 6-step NCM amplifiers, were designed and analyzed in 0.18 pm CMOS for systematic comparison with the
3-step and 4-step NCM amplifier. 5-step NCM can provide 91 dB DC gain and 0.137-0.424 MHz GBW over 0.25 — 1
nF with >70° phase margin (PM). 6-step NCM design attaining 98 dB DC gain and 0.397-0.841 MHz GBW over 0.45—
1 nF with >75° PM.
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LINTRODUCTION

Low-temperature polysilicon (LTPS) LCD panels consist of thousands of buffer amplifiers in their column drivers. The
area and power budgets of each buffer amplifier are very important because these factors determine the market pressure
on cost and display quality [1]. Now-a-days multi-stage amplifiers dominate those applications owing to their key
advantages of high DC gain and rail-to-rail output swing. Classical single-stage amplifiers were not commonly used in
such application due to their limited capability in most metrics. So it is beneficial to revisit the fundamental limits of
single-stage amplifiers and find a solution.

Most single-stage amplifiers suffer from a tight tradeoff between its power and performance. Telescopic amplifiers
feature a GBW-to-power efficiency as high but sacrifice output swing. Folded cascode amplifiers partially surmount
such swing limit, but at the expense of power. For LCD column drivers, current-mirror amplifiers are favored for their
rail-to-rail output swing, and provide an extra design flexibility via adjusting the mirror ratio, K. A large K benefits
most performance metrics (i.e., effective transconductance (Gyetr), GBW and SR),but at the expense of noise and phase
margin (PM). This paper introduces a nested-current-mirror (NCM) single-stage amplifier to advance its GBW-to-
power/area efficiency and C drivability beyond the multi-stage designs, while preserving a rail-to-rail output swing.
This nested-current-mirror (NCM) single stage amplifier can alleviate the tight performance tradeoffs in conventional
single-stage amplifier topologies. Current-mirror factor K offers a freedom to leverage the various performance metrics
such as effective transconductance, output resistance, gain-bandwidth product and slew rate. The prototyped 5-step and
6-step NCM amplifiers achieve favorable performances with respect to 3-step and 4-step NCM amplifiers.

II. NCM SINGLE-STAGE AMPLIFIER SYSTEM MODEL

The basic principle of the NCM amplifier is to subdivide a current mirror into a number of pieces with different ratios,
and sequentially combine their outputs to concurrently advance effective transconductance (Gm,eff) and output
resistance (Rout) beyond those of the differential pair(DP) and current-mirror amplifiers. To attain high DC gain and
GBW, more mirror stages and bigger ratios are preferred. To reduce the noise, the largest amount of current can be
allocated to the 1* mirror with a small K;. To increase SR, most of the current can be assigned to the second-last mirror
with enlarged Ky ; and Ky. Indeed, the mirror stages and ratios of the NCM are only limited by the PM and transistor
mismatches. Thus, the DC gain of the NCM can be as high as that of a folded-cascode amplifier, but without the output
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swing penalty. Moreover, unlike the folded-cascode and current-mirror amplifiers, cutting the current of the output
stage does not essentially degrade SR.
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Fig. 1.Development of the NCM amplifier from the current-mirror amplifier.

Figure 1 shows the development of NCM amplifier from current mirror amplifier. Here the biasing current Iy, is
distributed to the left N divided differential pair(DP) transistors and these transistors are alternately connected to Vp
and Vn . These DP transistors outputs are combined via N nested current mirrors with different mirror ratio. Since these
DP transistors are located in the signal path all those transconductance are contributed to an effective transconductance
Gy, ofr- Correct selection of the mirror ratio have great influence on the performance matric.

The number of step is a design parameter. We show below 5-step and 6-step NCM design as they can provide
appreciable gain, GBW and slew rate.

II1. FIVE-STEP NCM AMPLIFIERS
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Figure 2: Schematic of 5-step NCM

Figure 2 shows the schematic of a 5-step NCM amplifier. The DP transistors are split into M; to Ms. Their outputs are
summed via the NCM mirrors realized by Mg to Ms. Mj¢ collects the output of the left, to form the single-ended
output together with M;s. To show how the mirror ratios K; to K¢ contribute to the effective transconductance
(Gmnems), GBW, DC gain and SR quantitative analyses are conducted, and they are valid for both single-ended output
and differential output implementations.

K7;+Kg

Kgx(zxg( )+ 1)
Gunems = oK + 1 X Gmp €]

The Gy newms is mainly determined by the product of Ky and Kgx(K; + K¢ )/K; with a given sum of K, to K. Since the
product is readily sized to be much higher than the sum, Gy ncmsis significantly boosted. The DC gain of the 5-step
NCM amplifier is expressed as the product of Gy ncmsand Ronems. In addition to Gy newms that already considerably
improves its DC gain Ro ncwms s also enhanced over that of the DP amplifier, and can be represented by

Yl K +1

Ronems = k. X Ton || Ton (2)
9
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The gain enhancement seen in Roncms is attributed to substantial bias current reduction in the output stage in
comparison with that of the DP amplifier. Thus, an overall DC gain enhancement over the DP amplifier can be
observed. SR determines the amplifier's settling performance. Suppose a large negative step appears at Vp, it follows
that the second-last mirror turns off. Consequently, almost all the current in Mj; is directed into M4, and amplified by
the 5™ mirror to discharge C;. Similar analyses can be applied when there is a large positive input step occurring at Vp,
resulting in a symmetric SR expressed by

Ky x (Kg +1) 21,
SR = ————— X— 3
NCM5 2?211(1 +1 C, 3)
If numerator > denominator the SR of the proposed amplifier increases that of the DP amplifier, which can be realized
by selecting relatively large Kg and K.

IV. DESIGN AND STABILITY ANALYSIS OF 5-STEP NCM

Design : Mirror factors (K) selected for the circuit design can be mention as K| =4, K, =12, K3 =2, Ky =6, K5 =4, Kq
=9, K; =3, Kg =18, Kg = 2. For the 5-step NCM, the total bias current (3 pA) is divided into 120 unit-current (Iu = 25
nA). To leverage the key metrics, the 1% mirror (Mg to M) uses a small ratio of only 3 (K, = 4 and K, = 12). The ond
mirror (Mg to My) draws less current under a larger ratio of 3 (K3 = 2 and K, = 6) to boost the DC gain and GBW, as
they contribute less noise. Also, a larger Kg enhances the SR. The 3" mirror (Mo to M) is assigned the ratio of 2 (K5 =
4 and K¢ = 9 ). The 4th mirror (M, to M) is assigned the ratio of 6 (K; =3 and Kg = 18 ). The 5" mirror (M4 to M;s)
is assigned the ratio 2 (Ko = 2) to benefit the SR and Gy;ncms. Substituting these values into the DC gain, GBW and SR
equation we can see that these are theoretically improved.
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Figure 3: Block diagram of the proposed 5-step NCM amplifier

The equivalent small-signal diagram of the 4-step NCM amplifier is shown in Figure 3. Gy,1, G, Gz, Gmg and G5 are
the transconductances of M_s respectively while Zy;, Zus, Z3, Zos and Zys correspond to the input impedances of the 1%
to 5" mirrors. The transconductances of the transistors in the five mirrors are respectively represented by G .5, while
Z oy models the output impedance that includes Cy.
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V. SIX-STEP NCM SINGLE-STAGE AMPLIFIER
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Figure 4: The schematic of the 6-step NCM amplifier

Figure 4 shows the schematic of a 6-step NCM amplifier. The DP transistors are split into M| - M. Their outputs are
summed via the NCM mirrors realized by M; - Ms. Mg collects the output of the left, to form the single-ended output
together with M. To show how the mirror ratios K; to K;; contribute to the effective transconductance (Gyncwms)s
GBW, DC gain and SR quantitative analyses are conducted, and they are valid for both single-ended output and
differential output implementations.

Ky X (2 (Klj(j’x‘j;"ﬁ + 5% L K, ) + 1)
Guncme = SIL K + 1 X Gmp 4

Since the product is readily sized to be much higher than the sum, Gy nemels significantly boosted.
The DC gain of the 4-step NCM amplifier is expressed as the product of Gy neme and Ro newme. In addition to Gynems
that already considerably improves its DC gain, Ro ncpme is also enhanced over that 3-step and 4-step NCM, and can be
represented by

LK +1

Roneme = K. X Ton || Ton (5)
11

The gain enhancement seen in Roncwme iS attributed to substantial bias current reduction in the output stage in
comparison with that 3-step and 4-step NCM.

SR determines the amplifier's settling performance. Suppose a large negative step appears at Vp, it follows that the
second-last mirror turns off. Consequently, almost all the current in My is directed into M7 and amplified by the last
mirror to discharge Cp. Similar analyses can be applied when there is a large positive input step occurring at Vp,
resulting in a symmetric SR expressed by

Ki1 X (Kip +1)  2[,

SR =10 AP (6)
NeMs 1 K+1 C,

The SR of the proposed amplifier increases, which can be realized by selecting relatively large Ko and K.
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VI. DESIGN AND STABILITY ANALYSIS OF 6-STEP NCM

1+t Mirror 2+ Mirror 39 Mirror  4th Mirror 5th Mirror 6th Miror

Figure 5: Block diagram of the proposed 6-step NCM amplifier

Mirror factors (K) selected for the circuit design case can be mention as K| =7, K, =6, K3 =7, K, =12, Ks = 15, K¢ =
1:5,K; =38, Kg =10, Ko =27, K;p = 11, K;; = 16. For the 6-step NCM, the total bias current (3 pA) is divided into 240
unit-current (Iu = 12.5nA ). To leverage the key metrics, the 1% mirror (M - Mg ) uses a small ratio of only 1 (K; =7
and K, =6 ). The 2" mirror (Mg - M ) draws less current under a ratio of 1 (K5 =7 and K, = 12) to boost the DC gain
and GBW, as they contribute less noise. Also, a larger K; enhances the SR. The last mirror (M7 - Mg ) is assigned the
largest ratio (K;; = 16 ) to benefit the SR and Gy, ncme. Substituting these values into the DC gain, GBW and SR
equation we can see that these are theoretically improved.

The equivalent small-signal diagram of the 6-step NCM amplifier is shown in Figure 5. G, Guo, Gz, G,
Gps and Gy, are the transconductancesof M respectively while Zy;, Zy,, Zps, Zoss Zps and Zye correspond to the input
impedances of the 1* to 6" mirrors. The transconductances of the transistors in the six mirrors are respectively
represented by Gyp1.6, While Z,, models the output impedance that includes Cy.

VII. EXPERIMENTAL RESULTS OF 5-STEP AND 6-STEP NCM

In the 5-step and 6-ste NCM the unit-NMOS and unit-PMOS operate at the inversion levels corresponding to gmnu/Iu
=23.5V" and gmpu/lu = 23.1V . AC analysis of the circuit provide the gain and stability information. 5-step NCM
will provide a gain of 91dB and phase margin of >70°. If the load capacitance change from 250 pF to 1 nF 5-step NCM
can achieve favorable performance in 0.424-0.137MHz frequency region. In the case of 6-step NCM it provide a gain
of 98 dB and phase margin of >75°. And if the load capacitance change from 450 pF to 1 nF 6-step NCM can achieve
performance in 0.841 — 0.397 MHz frequency region.

A

M4 362.47kH 2 72,909 88ces

M3 362.4738kH % 0.0

Figure 6: AC response of 5-step NCM
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Figure 7: AC response of 6-step NCM

Slew rate determines the amplifiers settling performance. Slew rate can also defined as the rate of change of output or
how quickly the output change with respect to the given input. When a large negative step appears at Vp, the value of
negative SR obtained at the output. Similarly a large positive at Vp leads to positive SR. Therefore we give a dc pulse
current at the Vp, which results a symmetric SR. If the load capacitance change from 250 pF to 1 nF the slew response
also change from 0.325 V/us to 0.0002 V/us. In the case of 6-step NCM if the load capacitance change from 450 pF to
1 nF the slew response also change from 0.527 V/us to 0.00018 V/us. Power consumed by 5-step NCM is 6.9 uW and
for 6-step NCM the power is 5.3 uW.

3-step NCM 4-step NCM 5-step NCM | 6-step NCM
Load Cp(nl) 0.15-15 0.15-15 0.25-1 045-1
Phase Margin(”) > 80 > 60 > 70 > 75
Gain(dB) 72 84 91 98
Slew Rate(V/us) 0.0256 - 0.00025 | 0.0314 - 0.00037 | 0.325 - 0.00018 | 0.525 - 0.0002
GBW (MHz) 0.283 - 0.0027 0.35 - 0.013 0.424 - 0.137 0.841 - 0.397
Power(pW)@ Vpp(V) 50.44@1.2 47@1.2 6.0@1.2 5.3@1.2

Table 1: Comparison of 3,4,5 and 6-step NCM

Table 1 represent comparison of different topologies. From the table we can conclude that as the step size increases the
performance of the single stage amplifiers improved from the previous stages.

VI. CONCLUSION

This paper introduced a NCM single-stage amplifier that has more design flexibilities with mirror steps and sub mirror
ratios to optimize the performance metrics (GBW, DC gain and SR), while preserving a rail-to-rail output swing, and
wide CL drivability without entailing any compensation capacitor or resistor. Both the performance limits and
robustness of the NCM technique have been analytically explored. Two prototypes, 5-step and 6-step NCM amplifiers,
were designed and analyzed in 180 nm CMOS technology for systematic comparison with 3-step and 4-step NCM.
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