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Abstract—This paper presents an improved architecture of folded 
cascade OTA with current control circuit that achieves improved 
DC gain and settling time without sacrificing power and area. 
This is achieved by exploiting and using idle device in the signal 
path and separates the AC and DC path, which results in an 
enhanced transconductance, output resistance, gain, settling time 
and power dissipation. Recycle folded cascade amplifier 
architecture was implemented in 90 nm CMOS process with 1 V 
power supply. Simulation results shows that the proposed 
structure significantly increase the DC gain bandwidth compared 
to the recycle folded cascade OTA and consume very low power 
dissipation. Theoretical analysis and LTSpice simulations prove 
the performance of the new OTA. 
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I.  INTRODUCTION  
  Research in analog circuit design is focused on low 

power battery operated equipment to be used in portable 
equipment of electronic application. A reduced supply voltage 
is necessary to decrease power consumption to ensure 
reasonable battery lifetime in portable electronics. Realizing 
high performance analog circuit with limitation of power is a 
challenge. A device`s figure of merit is illustrated by the gain-
bandwidth product which states that at higher frequencies, the 
gain decreases. To have a good gain at high frequency, higher 
bias current is needed. This shows that in general a fast circuit 
consumes high power, therefore inherent property prompts for 
specific techniques that can reduce power while maintaining 
performance. Operational Transconductance Amplifier(OTA) 
is a fundamental building block of analog circuit and systems. 
In OTA, the ratio of transconductance to current consumption 
reflects the power efficiency of the amplifier. This motivated 
the study presented in this work, searching for a power 
efficient OTA architecture with good supply voltage 
scalability and large flexibility for power/speed tradeoffs, 
while maintaining the correct analog functionality. In the 
design, OTA must meet the following requirement for the best 
operation such as large bandwidth, high gain, high slew rate 
and low power. 

Researched has been focused on a novel technique to 
improves the performance of OTA without increasing power or 
area consumption. Recycling folded cascade structure which is 
proposed in by [1, 2] intends to idle devices as driving 
transistor by splitting it to conduct current mirror with fixed 
ratio. Another method was implementing AC and DC path 

separation in current mirror to enhance the gain of the OTA 
[3].  However, it shows degradation in phase margin due to the 
multiple path current mirrors. Multiple path scheme of current 
mirror introduced in [4] was also applied to the Three-Current-
Mirror OTA to enhance the output impedance and slew rate but 
it is not suitable for high speed applications as the transfer 
function of the OTA had numerous low frequency pole-zero 
pairs. Switching circuit proposed in [5] utilize the idle signal 
path to control the current mirror of output stage. In this work, 
the idea of exploring idle signal device proposed in [2, 5] form 
the basis of the proposed modifications to the conventional 
folded cascade OTA. The paper is presented as follows; 
Section 2 explains the proposed architecture, whereas Section 3 
and 4 discuss the simulation results to evaluate the 
performance and conclusions. 

II. PROPOSED ARCHITECTURE 
The operational transconductance amplifier (OTA) is an 

amplifier where all nodes are low impedance except the input 
and output nodes [6]. The conventional OTA in Fig. 1 
becomes popular choice because of its single pole 
characteristic and wide output voltage swings.  Transistor M5 
and M6 in Fig. 1 draw the most current and it has the largest 
transconductance in many designs. However, their role is only 
limited to providing a folded node for the small signal current 
generated by the input driver (M3 and M4). The output 
resistance, OR  and transconductance, moG of the conventional 
OTA are defined as 

 
� � 81010531212 |||| dsdsmdsdsmO rrgrrrgR �            (1) 

 
       4mmo gG � .            (2) 
 
The very common method to enhance the gain is by 

increasing the output resistance at the output stage by 
cascading the transistor but in turn suppressing the voltage 
swing. Input transistor (M4 and M3) and driver transistor (M5 
and M6) play a greater role to determine the output 
transconductance of amplifier. Without reducing the voltage 
swing or increasing current and power consumption, M5 and 
M6 can be exploiting to shifting the gain to the desired level.  
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Figure 1. Conventional OTA. 
 

 
 

Figure 2. .Recycling folded cascode OTA [1]. 
 

 
 

Figure 3. Recycling folded fascode with current control circuit. 
 
Fig. 2 shows recycling folded cascade structure which is 

proposed by [1]. The input pair is split into half (M3A, M3B, 
M4A, M4B) while ratio of current mirror (M5A:M5B and 
M6B:M6A) is set to four to maintain the correct summation of 
DC currents without increasing biasing current and power 
consumption. In this work, AC and DC current is sharing the 
same path, so the transconductance in this circuit is limited by 
DC currents [3]. The gain enhancement is attributed to the 
increased dsr  of M3A and M5A as they conduct less current 
compared to their counterparts M3 and M5 in Fig. 1.  

The proposed structure as shown in Fig. 3 is a modification 
to folded recycling structure in Fig. 2 [1] by adding the current 
control circuitry (M7A, M7B, M8A, M8B, M9, and M10) to 
reduce the quiescent current at the M3A. Transconductance 
based methodology is by analyzing the signal device that 
contribute to the output transconductance and control circuit 
introduced in [4] form the basis of this work which during the 
quiescent condition transistor M7B and M8B act as voltage 
control current sources where a significant amount of the drain 
current M3A now flows into the current source M7B as well 
reducing the output current. Transistor M9, M10, M7A and 
M8A sense the input differential voltage and control two 
voltage controlled current sources, M7B and M8B. If the 
current through M3A increases by � �23 inAm Vg � , the 

current through M8B decreases by DCVg inm �� 211 , 

where npin VVV �� . The total amount of current increase in 
M5A is equal to the amount of power change in M8B. 
Therefore the total current change in M5A is the sum of the 
changes in M3A and M8B. DC currents flow through 
transistor M5A, M5B, M7A, M6A, M6B and M8A while 
almost no AC current flows through M7A, M8, M9 and M10 
because they have high impedance for AC signal. The ratio A: 
B: C: D indicates the size of devices and for this design the 
ratio 4: 1: 8: 1 is used. 
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Assuming that transconductance parameter,  

BABA 4433 ���� ��� , the current, Adi 4  is given by 
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The overall transconductance for the recycling folded 
cascade amplifier with current control circuit can be determine 
as follow: 

inm
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�
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From (5), it can be seen that the new transconductance 
output is 2.5 times greater compare to the original 
transconductance value. 

The expression for the new output resistance 
transconductance for the proposed architecture is represented 
in  (4) respectively. 

 
          � � 14,16,16,5,3,19,19,, || dsdsmAAoutdsmnewo rrgRrgR �       (6) 

 
with mg and dsr  as the transconductance and internal 

resistance of transistor respectively. 
 
Where the transconductance inmg ,  is the total input 

transconductance BAmBAm gg 4,4,3,3, �  which equals the input 

transconductance 4,3,mg  in (2). The current at transistor M5A 
is reduced by the existence of control circuit M8B and as the 
result, the output resistance is increased as  
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Examining (3) and (5), since both output transconductance 

and resistance is increased, the overall DC gain,  vA  increase 
in the proposed architecture is significant 

 

newonewmv RGA ,, ��                                (8) 

III. EXPERIMENTAL RESULTS 
In order to investigate the feasibility of the enhancement 

technique discussed above, the simulated open loop 
performance of the proposed architecture is compared to the 
performance of recycle folded cascade architecture [1]. Both 

circuits were designed with the same length 100 nm and 
widths are decided to have overdrive voltage about 200 mV. 
In order keep the DC current unchanged, the ratios of 
transistors are as follows; the value of A, B, C and D in the 
proposed architecture is 4, 1, 8 and 1, respectively. 

The circuit has been simulated using LTSpice and BSIM 
MOS transistor models (level 54) with well 50nm CMOS 
process. Both folded recycle OTA and proposed OTA are 
designed to have same 100μA tail current and power supply 1 
V. Fig. 4(b) shows that the DC gain is improved by 
approximately 5 dB, however the phase margin of the 
proposed architecture is slightly lower compared to RFC. This 
is due to the increased capacitance at the cascade nodes, 
increasing pole and zero. The dc gain of the new OTA is 
significantly increased from 52 to 59 dB.  The unity gain 
frequency of the RFC is 260 MHz with 48° phase margin, 
while new OTA has 230 MHz with 40° phase margin. The 
effect of non dominant poles decrease the phase margin of the 
new OTA, but it still a sufficient phase margin is achieved. 
Step response of the new OTA is shown in Fig. 5 to confirm 
the stable operation of the circuit. Simulation results show 
there is a slight overshoot indicating a low phase margin of  
40 °. Thus, compensation capacitor is necessary to remove the 
overshoot, 

 

 
 

Figure 4(a). AC Analysis RFC [1]. 
 

 
 

Figure 4(b). AC Analysis proposed OTA. 
 
Fig. 4(a) and (b) shows the frequency responses of both 

RFC and proposed OTA with 5 pF load capacitor respectively.  
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Figure 5. Step response. 
 
The large signal transfer characteristic of the OTA for 

unloaded output is shown in Fig. 6 and the voltage swing is 
relatively wide rail to rail close to VDD. 

 

 
 

Figure 6. Voltage swing. 
 
The simulation results is shown in Table 1 comparing the 

performance of recycle folded OTA with proposed 
architecture. 

TABLE I.  PERFORMANCE COMPARISON BETWEEN PROPOSED OTA AND 
CONVENTIONAL OTA (RFC) [1] 

Proposed OTA Conventional OTA (RFC) [1] 
DC Gain 57.9565 dB DC Gain 52.9649 dB 
UGBW 231.7 MHz UGBW 260.435 MHz 

Phase Margin 40° Phase Margin 48° 
Transconductance,Gm 2.52 μA/V Transconductance,Gm 1 μA/V 

Capacitive Load 5pF Capacitive Load 5pF 
1 % Settling Time 9.6854 nS 1 % Settling Time 11.2848 nS 

Bias Current 100uA Bias Current 100uA 
Power Dissipation 220μW Power Dissipation 280 μW 

 

IV. CONCLUSION 
An improved architecture of recycling folded cascade 

OTA is proposed to enhance the output resistance of the OTA 
without increasing power or area consumption by adding the 
current control circuit. Simulation shows that the proposed 
architecture has a 5 dB improvement compared to the RFC 
architecture and also there is an improvement in 
transconductance parameter. The proposed OTA consumed 
slightly less power dissipation about 220 μW.  

ACKNOWLEDGMENT  
The authors would like to thank to Research Management 

Institute, Universiti Teknologi MARA in providing  financial 
support through Excellent Fund Scheme. 

REFERENCES 
 

[1] R.S. Asaad, and J. S. Martinez, “The recycling folded cascade : general 
enhancement of the folded cascade amplifier,” Journal of Solid-State 
Circuits, vol. 44, pp. 2535-2542, 2009. 

[2] R.S. Asaad, and J.S. Martinez, “ Enhancing general performance of 
folded cascade amplifier by recycling current ,” Electronic Letters, vol. 
43, 2007. 

[3] Y.L. Li, K.F. Han, X. Tan, N. Yan, and H. Min, “Transconductance 
enhancement method for operational transconductance amplifiers ,” 
Electron Letters, vol. 46, pp. 1321-1323, 2010. 

[4] K. Nakamura, and L.R. Carley, “An enhanced fully differential folded-
cascode op amp,” Journal of Solid-State Circuits, vol. 27, pp. 543-568, 
1992. 

[5] J.J. Roh, “High gain class-AB OTA with low quiescent current,” Journal 
of Analog Integrated Signal Process, vol. 47, pp. 225-228, 2006.  

[6] T. Kulej, “Low voltage low transconductance  OTA in 50 nm CMOS,” 
Proceedings of the International Conference and Electronic System, pp. 
273-276, 2010. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2012 IEEE Symposium on Humanities, Science and Engineering Research

584



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 1
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /SABAEN44
    /SAKURAalp
    /Shruti
    /SimSun
    /STSong
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


