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Abstract- A current mirror topology is proposed that pro-  spectively, due to the different characteristics of these two types
vides very high precision, design insensitive up and down of transistors, different performance characteristics for the two
mirrored current, operation over a wide power supply types of mirrors are achieved in practice. The proposed config-
range, straightforward design, and the possibility of con- uration effectively eliminates both problems, matching the per-
veniently obtaining a wide range of current divisions. This formance of the two current mirror topologies. Since the same
topology is appropriate for those applications in which pre- mirroring error is obtained for both the up and down current mir-
cise current handling is necessary such as high accuracy A/D rors, the proposed circuit offers an ability to shift between the up
and D/A converters and reference cells. and down current sources, herein callguirey-pong facility
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I. INTRODUCTION

Current mirrors are common circuits in analog and mixed- in
signal integrated circuits. Recently, current mode signal pro-
cessing has attracted a great deal of interest due to the many
advantages that current mode circuits offer, such as wide band-

GND

width. Many fundamental current mirror configurations have Up mirror Down mirror

been developed in bipolar, MOS, and BiCMOS technologies [1, Fig. 1. Up and down current mirrors.

2]. Improvements are numerouesg, [3—8], each enhancement

solving a problem specific to a certain application. The topology of the proposed current mirror/divider, includ-

The proposed topology is useful in those high precision appiig the up mirror, down mirror, and divider, is shown in Fig-
cations in which area and power dissipation are not of primatye 2.
concern. The dissipated power can, however, be drastically re-

duced in converters if, after the conversion, a digital correction Rewececal ~ upmimor S mascrait
is applied [9, 10]. A reduction in area can also be achieved using | 1 E

this digital correction technique. Compared to other topologies, ﬁ[}“" H[Eiﬁ MO M0 rq | M
the proposed circuit topology offers several notable advantages.

These advantages include ease of design, close to ideal up and ﬁET'“ 4@“ ﬁﬂ”‘”“ E”‘“SF{ i

down mirroring, insensitivity to the power supply variations of T i ;
the up and down mirrored currents, and good operational in- ﬁmﬂi Hlwe {Eﬁ“ WT“L{ -
sensitivity to process parameter variations, thereby requiringno | ——— ;
trimming or self calibration. S)D

A detailed discussion of the operation of this circuit topology
is presented in Section Il, followed by specific electrical and
physical design considerations in Section lll. Simulation results
are described in Section IV. The performance of the current
mirror is compared with a different high precision current mir-
ror topology in Section V. Some conclusions are presented in
Section VI.

. divided

Fig. 2. Transistor-level schematic of CMOS current

II. BASIC ELEMENTS

A few terms should first be introduced. A simple example of mirror/divider circuit
an up and down current mirror is shown in Figure 1. In CMOS
technology, the dependency of the output currésif onVps Several distinct functional blocks or cells can be distin-

strongly affects both current mirror configurations. Also, sincguished. These blocks include the reference cell that provides
the up/down mirror depends upon the P and N transistors t&e reference voltages and currents for the entire circuit, the up
mirror cell that mirrors the current up, the down mirror and di-
vider cell that mirrors the current down and properly divides the
This research was supported in part by the National Science Foundation gqirrent according to the application, and the bias circuit cell, a
der Grant No. MIP9208165, Grant No. MIP9423886, and Grant No. MIP- fundamental block in this topology, which provides the close to

9610108, the Army Research Office under Grant No. DAB#HG-0323, agrant . | . . As sh id ical bi . .
from the New York State Science and Technology Foundation to the CenterforA'&i—ea current mirroring.  As shown, an identical bias circuit is

vanced Technology—Electronic Imaging Systems, and by grants from the Xerdg€d for the up mirror as well as for the down mirror. Since
Corporation, IBM Corporation, and Intel Corporation. the bias circuit dictates the performance of the current mirror,
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matched performance for the up and down mirror is expectetype circuits and the feedback loop. By evaluating Figure 2
eliminating the performance dependency on the transistor @ad considering the previous discussion of the loop, it can also
rameters. be noted that once the equilibrium state is reachégk(se =

M1, M2, M3, M4, and M5 constitute the reference cell. M3Vesar1), an increase ifpsae increaseVasaro, Which de-
and M5 provide the two reference voltagdé,s and Virs.  creaseVpsaei, increasesVasw21, decreased/asarzo, in-
Ipsa is the initial reference current that is mirrored and diereasesVasar19, decreasedzsaris, Which finally decreases
vided. Designing this cell so that appropriate values for thege sare, returning to the state of equilibrium. An initial decrease
voltages and currents are obtained constitutes the primary dedpsase Will resultin anincrease ifip s a6, again returning to
sign challenge of this current mirror/divider circuit. As shown irthe state of equilibrium. As described, an oscillation is expected
Figure 2, M1 and M8 are the reference transistors, and M6 aatbund the equilibrium poin¥/psae = Vasari-
M7 are the mirror transistors for the up mirror and down mirror,
respectively. In order to obtain the same mirrored current, the e
mirror transistors must ideally have the sames, Vps, and ﬁ[&:vﬁ wis o[ 1o [ mao [rTm
WIL as the reference transistors, permitting both devices to sat- B
isfy the same basic |-V equation,

w 2 :
Ips = K—(Vas = Vr)*(1+ AVbs), @ ‘ ¢

with Vas = Vps. InFigure 2,Vpsai = Vasw = Vaswues Fig. 3. Equivalent schematic of the bias circuit
andVpswms = Vasms = Vasumr. In order to satisfy the above
equation for the reference and mirror transistors, the conditionsA simplified equivalent schematic of the bias circuit is pre-
Vbsme = Vasuri andVpsur = Vasas must hold. These sented in Figure 3. Each current source depicted in Figure 3
conditions are obtained for the up mirror as well as for the dovgbnsists, noting Figure 2, of M10-M14 ... M13-M17, respec-
mirror using the same technique, however, certain particularitiggely, M10 ...M13 being biased by,ss and M14 ...M17 by
exist in each case. For both mirrors, ties = Vps condition V5. Each current source is implemented as shown in Figure 2
for the mirror transistors is generated by a floating drain feedy a cascode current mirror. A small signal analysis of the bias
back configuration loop, provided by the bias circuit. The opetircuit allows the derivation of the output voltage and output
ation of the up mirror circuit is discussed in detail in this papefmpedance of the current source,
Only the differences between the down mirror and the up mirror
are described for the down mirror. Vout = Vysi18 2
The feedback loop is between the gate of M9 and the drain
of M9 through the bias circuit. For this circuit, the input corwhere
responds to the gate of M9, and the output corresponds to the —Vin
drain of M9. When the circuit operates in open loop, the drain Vout = (3)
of M9 is floating. When the circuit operates in closed loop, all grmsTo18gMmIoT o1 gim20T020gM21 7021
of the transistors are properly biased and the requiieérs  and
is obtained. In discussing the bias circuit, an important issue is
the manner in which the loop is closed. Assume initially that R, = rosgmisroisgmioroiogmaorosogmsairoa.  (4)
Vasmo = 0 (Vasme < Vr) such that the current through
M6, M9, and M8 is zero. M10-M13 and M14-M17 are bi-The bias circuit requires the following three groups of transis-
ased withVas3 and Vars, respectively. The above bias situ-tors to be identical: M4 and M10-M13, M2 and M14-M17,
ation forcesVpsmiz = Vpsmir = 0 (Ips = 0). Since and M1, M6, and M18-M21. The above analysis and (2) —
Vbsam2r = Vop, Vasarzi must be smaller than the thresh{4) demonstrate thaVasaris converges toVasar, forcing
old voltageVr. The bias on M12-M16-M20 forces a contra-Vpsare = Vasari. As shown by (3), the effect df;, on the
diction, since due to the M12-M16 bias, a large current musttput is diminished by the magnitude of the transconductance
flow through M20, which is not possible withipsa20 = 0 and output resistance of each transistor along the feedback path
(M20 is in the linear region). However, it is possible for M20(see Figure 3). Thu®,.: = 0, which is equivalent td?, =
to sink the required current Wosar20 = Vop. Applying the infinity, as shown by (3) and (4). These formulae confirm the
same approachi/csami9 = 0 andVgsawis = Vpp are ob- aforementioned qualitative analysis of the feedback loop.
tained, which forced’psme = Vpp, biasing M6 to supply A minimal oscillation is expected around the equilibrium
a large current. However, initiallfpsae = 0 is considered. point due to the influence &f;,, through the feedback loop. An-
Note that a largép s 6 IS required to close the loop, creating aother influence to be noted, albeit minimal, is due to the nonide-
contradiction in the operation of the circuit. A complementarsilities of the current sourcésTo reduce the oscillation, a larger
situation, starting with’psare = Vpp, also creates a similar W/L ratio for the bias circuit transistors is necessary. Also, the
contradiction within the loop. The only possibility to removebias circuit may require frequency compensation.
this contradiction is folzs a9, the input to the bias circuit, to  For the down mirror, a similar loop exists through an iden-
have a specific value between ground dnslp such that the tically dedicated bias circuit. Here, M22 (see Figure 2) is
loop is properly closed and all the transistors are appropriatedimilar to the mirror transistor M6 of the up mirror, giving
biased. Ipsm22 = Ipsai. This current biases the M22-M23-M24
Vout reaches the required valu®&zsasi, due to the simi- column such thalgsarea = Vbsmr = Vaswms, making
larities in the biasing of the M1-M2-M4 and M10-M14-M18 Ipsar = Ipsmi = Ipsws-
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The down mirror can be terminated with a current divider (diwith each group of two transistors sinking the same current as
vision by two in Figure 2). Using two identical paths, namelyhe initial single transistor while providing the correct bias.
M25 to M26 and M27 to M28, an accurate division is obtained. Every up mirror, down mirror, or division requires a bias cir-
The resulting half currentf psar2s, can be repeatedly divided cuit which uses large transistor sizes. This requirement means
using the same methodology. As described by (1), in order karge area and dissipated power, since the bias circuits operate
use the same bias circuit for the following mirroring and diviwith a high initial reference current’§sar1), no matter what
sions, M26 and M28 must be sized by W/2. By subsequentturrent is mirrored or divided. A bias circuit operating at small
dividing the current, a series of reference currents is obtainemjrrents with small transistors will require a constant correc-

appropriate for high precision A/D and D/A converters. tion factor applied to the mirrored current, the advantage being
smaller area and power, the disadvantage being the aforemen-
I1l. DESIGN CONSIDERATIONS tioned problems and imperfections. In the case of a converter,

The design process consists of properly designing the refétese corrections can be implemented by a digital post process-
ence cell according to the specific requirements of the appiirg of the converted sample, saving power and area. However,
cation, and in satisfying simple rules in sizing the transistogpecial care must be given to the aforementioned oscillation,
within the circuit. In the reference cell (see Figure B)sy3  Which increases with smaller size transistors.
is the reference input current. Proper reference voltages
andVass are assumed to be provided. Typicalfirs = 2Vars IV. SIMULATION RESULTS
or higher. M2 is a buffer transistor, and all the power supply Circuit simulations based on Cadence-Spectre and qufh2
variations affectVpsa2. Considering a constadipsass, the  CMOS technology are described in this section. In order to ob-
Vpp variations reflected oWps a2 resultin a variabldpsai,  serve the aforementioned oscillation, minimum size transistors
which is the initial reference current for the circuit. If a rel-gre used. M5 is 1.§:m/1.2 um and the remaining transistor
ative value forIpsas is appropriate for the application, thenratios, except for M26 and M28, are 19;an/1.2 pm. M26
no modifications are necessary. If a consthnt r: is needed, gnd M28 are 9.6um/1.2 pm. I, = 200 pA and Ipsas for
however, a current source fop s v3 must be designed that will 7, , = 10 Vv is 512 pA, a 2" value in view of the subsequent
consider variations ifip s 71 due to variations iVpsas2. HOW-  divisions by 2.
ever, even in high precision converters, a consfantass can
be used if the voltage to current converter of the input signal i
designed such that the input current varies Withp over an
equivalentVpsara.

In order to satisfy these design goalgl = M6 = M 18 =
M19 = M20 = M21 = M22, M2 = M14 = M15 =
M16 = M17, M23 = M9, andM4 = M10 = M11 =
M12 = M13 = M8 = M7 = M24 must be satisfied. In the
initial cell, large sizes are recommended in order to permit hig
precision and tolerance to process parameter variations. For t
circuit to function properly, all transistors must operate in satu
ration all the time.

e SRS
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Fig. 4. The bias circuit used after a division

After a division, the reference current for the second cur -
rent mirror divider isIps/2. M28 replaces M1 as the refer- Fig. 5. Transient waveforms for the reference, up, down, and
ence transistor, and the transistor sizes of this cell are referenced divided currents, respectively.
accordingly. As mentioned previously, the larger the transistor
sizes in the bias circuit, the higher the precision obtained. TheThe reference, up, down, and divided current values, respec-
proper relative sizing depends on the specific performance teely, are shown in Figure 5. The current values are, as shown,
quirements of the application. I,cy = 512.017 pA, I, = 512.019 pA, Ijown = 512.019

Due to short-channel effects such as velocity saturation apé, and I;iqea = 256.009 pA. Note the excellent precision
mobility degradation as well as short-width effects, (1) does nof the mirroring and the oscillation, which in the worst case (for
hold for high precision applications. In order to provide théhe down mirror) is 0.001uA in magnitude. The bias circuit
highest precision after a division, the circuit shown in Figure & compensated with capacitors at the drain of M6, gate of M9,
is used for the bias circuits of the following cell. Instead of thdrain of M8, and gate of M25, and practically no oscillation is
M18-M21 group of transistors of size W, each transistor is r@bserved. Decreasing the size of the transistors, however, re-
placed by a group of two transistors in parallel, each sized W/@,ires the capacitors to have a value of up to 1.5 pF for a 9.6
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pm/1.2 pm transistor to remove any oscillation. A higher acrepeatedly mirrored with almost no error. This capability per-
curacy is obtained by increasing the size of the transistors. Timits the development of a series of reference currents useful in
same currents as shown in Figure 5 are observed Whenis high speed converters. In Table I, the up mirror of the present
swept from a minimum value for which all transistors are stillopology is compared to the circuit described in [5], IAFCCM.
saturated to an arbitrarily larger value. No circuit related upp&tote the difference in the sizes of the transistors between the
limit exists, however, a technological limit exists, such as thevo circuits, which is disadvantageous for the topology intro-
breakdown voltage. The expectégdsasi variation due to the duced here. Larger sizes, as mentioned, would further improve
Vb s e variation assuming a constaf s a3 is noted. The ex- the performance of the proposed circuit. Note in Table | the
cellent equality and division among the currents over the entineinimum two orders of magnitude higher accuracy and no mea-
sweep range is also noted. In the aforementioned order of cawrable mirroring supply voltage dependency and mirroring ac-
rents, all inuA, values of 505, 505, 505, 252.5 foihp =5V  curacy dependency af,, .

to 525, 525, 525, 262.5 fdrpp = 20 V are observed.

Differences exist from using a standard bias circuit after a VI
division as compared to using the recommended bias circuitThe CMOS current mirror/divider circuit topology presented
shown in Figure 4. For the two circuits, differences in the up this paper provides improved performance and offers an
mirrored divided current as compared to the divided current @tided capability for switching the up and down current (the
256.01 A are observed. The improvement is from 255,88  ping-pong facility), applicable to certain high precision analog
for the case where the standard bias circuit is used to the saamel mixed signal circuits. The current mirror circuit offers a
current as the reference current of 256,04 for the case where high design precision in up and down mirroring and in division,
the balanced bias circuit is used. The improvement in accuragid no measurable supply voltage dependency and mirroring ac-
due to the use of the bias circuit from Figure 4 can be explaingdracy dependency on the input curreljt, However, to obtain
by observing the operating point of M6. According to (1)the predicted accuracy, transistor matching is required. As men-
Ips/2 is expected since a W/2L transistor ratio is used. Dugoned, the larger the transistor sizes, the better the matching,
to short channel and short width effects, the normal bias circuifinimizing the sensitivity to process variations and increasing
produces a slightly different output voltag€s(sas1s). In the the circuit accuracy. Another advantage of the proposed circuit
two cases analyzed under the same bias and sizing conditiGgsthat the transistor matching can be made in standard, well
M6 has a bias oVas = Vasrey = 2.532V, Vps = 2.522V,  defined sizes. The cost of this circuit is an increase in power
andIps = 255.85 pA for the standard bias circuit. While us- dissipation, and possibly, an increase in area. Another possible
ing the balanced bias circuit shown in Figure 4, the equilibriuradvantage is the capability of obtaining a series of four reference
is reestablished and M6 has a biaslefs = Vasrey = 2.532  currents, each half of the previous current, by reducing the size
V, Vps = 25632V, andIps = 256.01 pA. of all the transistors (see Figure 2) from W to only W/2. This
capability eliminates, even in high precision converters, any as-
pect ratio problems. In summary, this current mirror topology

A comparison with previous work may be useful, though difprovides an important enhancement in performance and capa-
ficult, due to the individuality of the current mirror topology.bility for application to higher precision, lower cost converters.
However, a comparison with a high precision current mirror, re-
ported in [5], is described here. In [5], comparison with previ-
ous related work was also made. The work described in [5] was
shown to have notable advantages. [

CONCLUSIONS

V. PERFORMANCE COMPARISON
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The ping-pong facility of the topology proposed in this paper
should also be noted, in which the up and down current can be
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