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Abstract-A novel circuit topology is presented

, , ) : HD2(t) =
which converts a single-ended signal into 1 3
differential output currents with improved %C2A5+5C4Ai‘+§C4AfA§+---Hc05(2w1t)+ @)
linearity. This cell operates in Class AB, allowing 1 1 3
an output current greater than the quiescent [5C2A% + 5C4A3 + 5C,AZAS + .. eos(2wyt)
current. A configuration which allows for the
nulling of the third order distortion is derived IM2(t) = @©
and the implications of third order nulling on 3 3
third ordeP intermodulation is explaigned. Feua+ 5CaATA * SCANT oo oyt ) +
Measured results of this cell implemented in 0.4
™ . . HD3(t) =
um silicon-bipolar technology is presented.
%%Af + %CsAf + gCSAng +...Heos(3a, 1) + ©)
[. INTRODUCTION 4 5 5
Differential transconverter cells are widely used building [3CaA3 + 7gCsA3 + gCaATAS + - fos(3a;0)
blocks. Areas which require this type of cell with the added
requirement of high linearity and low noise include filters, mul- IM3(t) =

tipliers and frequency mixers. Typically, high linearity comes
; ; ; ; ; 3 2 5 4 15~ A2a3 O
at the price of increased current or increased noise. It is of par- ;CsAT A2 * 7CsATA + FCATAZ +. rosZigt £ ) + (1)
ticular interest to design a transconverter which has high linear-
ity, low quiescent current, low noise contribution and large @C3A1A§+ §C5A1A§+§C5A§A§+ ___Ecos(wltiz(ﬂzt)
peak available current. In many applications, it is also neces- 4 4 8
sary for the transconverter to have a low input impedané€®, 50 |n communication circuits where a single channel needs to

is a typical requirement for RF circuits. be distinguished from adjacent channels, intermodulation can
cause great problems. Intermodulation arises when there are
II. AMPLIFIER DISTORTION THEORY two adjacent channels which are much stronger than the

. L . . wanted signal. After amplification through a nonlinear ampli-
The nonlinearities in the transfer function of an amplifier casjer, the two adjacent channels can intermodulate and appear on

be expressed as a power series [ 1], [ 2]: the wanted channel. The wanted signal is then overcome by the
© intermodulation product.
y=f(xOy= z Cxn (1) The third order intermodulation product (IM3) is of particu-
o lar interest because it is typically the strongest of the odd order

_ 2 3 4 intermodulation products. Only the odd order intermodulation
Y= Cot Cox CxPa G+ Caxte . ) components cause the adjacent channel problem. The even
_1gd" () ) order components give outputs which are typically out of the
n T Y c=0 band of interest. A circuit topology which minimizes the third

B order intermodulation product of an amplifier is greatly
Harmonic and intermodulation distortion can be calculatedesired.
from the power series coefficients. If two tones ( 4) are applied

at the amplifier input then the resulting output will be ( 5). I1l. CIRCUIT DESIGN

X(1) = Ajcog(w,t) + Ay cox(w,t) ) For high linearity differential transconverter circuits a varia-
y(t) = DC+ F(t) + HD2(t) +IM2(t) +HD3(t) +IM3(t) +... (5) tion of the differential pair is often uselig. 1(A)). Most vari-
Define: DC =DC output ants trade linearity for transconductance and noise. The
' F() =fundamental components transconductance of this circuit follows the hyperbolic tangent
- S ; function. A linearization method which uses emitter degenera-
HD2(t)=second harmonic distortion product tion is shown inFig. 1(B). Degeneration resistance is used to

C

IM2(t) =second order intermodulation product absorb some of the input signal. In doing so, the linear range is
HD3(t)=third harmonic distortion product improved but the transconductance suffers and the noise
IM3(t) =third order intermodulation product increases:ig. 1(C) depicts another method which uses degen-
These components can be expanded as follows: eration to improve linearity. This example has the same draw-
backs af-ig. 1(B).
F(t) = (6) The cell inFig. 2 utilizes two offset transfer functions that,

3. 15,3 2.5~ 15,15 r3ap. 15 A when summed, yield a higher dynamic range. This improve-
FC1 AL+ 2CoAT + 5C3A A + 2C5AP + CoATAZ + 2CoA AdHcos(wyt) + ment arrives at the expense of decreased transconductance and
3 higher noise figure with a net improvement over the differential

(£, + 3c,n3 + 3c,a2A, + 2Con5 + 2CoA2A + 220, AA os(w,) - pair with or without degeneration.
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Fig. 3. Linear transconverter
ltait/2 ltail/2 Current flowing through the input of this cell appears as a
difference between two output currentgsdand g The cell
o thus linearly converts a single ended signal into a differential
2 signal.The purpose of the series resistorsaRd R, is to
(C) degenerated differential pair increase the linearity of the cell when driven by a voltage.The

mathematical analysis which follows shows that there is a sin-
gle optimum value for these resistors.
Each of the above mentioned variations of the differential
pair feature improved linearity but none of them arrive at this IV. ANALYSIS
without a degradation in noise and a reduction in transconduc-
tance. The peak output current is limited to the quiescent CUfefine: !

Fig. 1. Variations of a differential pair transconductor

rent in each of these circuits. In addition, none of these variants quiescent current in transistors, (s and

feature a method of reducing the input impedance.

6
) ; delta input current
Fig. 3 shows an improved transconverter tellhe features ¥

active current in

of this cell include: Z+i = active current in ] Qs
* High linearity Rs = source resistance
* Low noise R = Rg=resistance value of Rand Ry
* High peak current Vg = source voltage before source resistance
* Low quiescent current v = deltainput voltage
* Good transconductance VR = quiescent voltage acrosg Bnd Ry
* Selectable input impedance Vt = thermal voltagekT/q
* Single ended drive Nodal analysis of the circuit depictedFig. 3yields ( 11).
* Differential output .
This circuit utilizes a common base transistog)(&nd a cur- \% = '“E’%“B* (Ig+i—l q)\% (12)

rent mirror (@, Qg). When current flows through the input, it

adds to the quiescent current going through the mirror thus This result is based on the assumption that the Vee bus

raising the input voltage. As the input voltage rises, the curreiipedance is negligible and Vbias is driven by an ideal voltage

flowing through the common base transistgy, @@creases. source. A power series expansion of ( 11) followed by a rever-
sion of series yields ( 12).

1. Patent Pending, Eric Main and Jeff Durec, February 1994.
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N V. COMPARISONS
_1g ., o
i 1  vpo Eﬁ_é% VtDDDlI:F_,_

_ . (12) In an attempt to quantify the features of the new transcon-
21, R|qDE\7tD Rl vt verter cell, it was compared against the simple differential pair
%HWD *vio in Fig. 1(A) and the 4 to 1 cross-coupled paitFig. 2 In this

analysis, the gain cells are driven by &%burce. Due to their

This equation can be related to ( 2) to define the parametetdherently high input impedance the simple differential pair
“C,” described in ( 3). If the input signals ( 4) in a two tone tesgﬁr;g the cross coupled pair must be terminated in a differential
are assumed to be equal in amplitude, the input referred thirf<? at the input to accommodate &b8ystem. The new cell
order intermodulation intercept point §Pcan be calculated. Can be set to have Q0input impedance. Each cell was biased
IP%;is the input power level at which ( 13) is satisfied assumingt the same total quiescent current. The plots which follow are
that the third order distortion is the dominant source of th€Sults of simulations of the MOSAICTV high frequency
third order intermodulation. ipolar process.

C
IPFOA = /é—l (13) o1 DIFF -1 4707
|5§5b3A%A2 =CiA e n 3C3 2.0 ES’\@ =3 . NEW ]
If V, is biased such that ( 14) is satisfied then third order SN yNew Cell
nulling is achieved ( 15). fPmust then be redefined for it will 10— g/
be dominated by fifth order distortion ( 16). ( 14) can be satis- r
fied through proper biasing and resistance selection ( 17). 10 K
E RN
V=Rl = \g (14) - Spf o -
< .
115, %, 3% f S
_2.30 vt _ < _ ., 410 1 Differential Pair "
C, 0 (15) 50 N
0+l : N =]
v,= ¥ ! QJ: Differéntial N
_isf Pair “
Cyrfl4 T
3 -8 F 9
IPI DA|§C5A?A2+1—;C5A%A§=C1A1 o E25C5D (16) 72.?6(\)\\\\\\\5\6\\\\\\\d\\\\\\\\E)()\\H\\H\:\I:()Xégij)
L o ] MVin(V)
R = ;/Tt (17)  Fig. 4. Delta output current versus delta input voltage
q (simulated)
If the RF source applied to the transconverter cell has a finite
resistance, third order nulling is maintained with the same
value of R (15). - o
Ve = V+IiR, (18) oAx1n 3 ol NEW o
New Cell
-1 oo, : J
2, I(R+2R) Vi ™ 20 ———— V¥
O (19) :
1 =
RI 16t
_1g., %W 3 ~ F Differential
» 3 vt DEEI %) g Pair
%H%%HMD“E‘”D E 12 . el
vt vt O I AA
| =
1 + %D}] 8 i
3 M F . .
Cs = REF | (\ét+2 o =0 (20) i 4 to 1 Differential Pair
54 Rl o R 41
Vit vt O vt £ \
V== =2
2 O:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\XW@iB
The input resistance of this circuit is calculated in (21). In -100 -0 0 Avin(V)So 100
biasing this circuit, values for | and Re should be chosen sugn. g | tal t duct delta input
that ( 22) and ( 23) are satisfied. g. o. Cglrégg?s?mtz?;tzg)m uctance versus deita inpu
Rin = (Ry+req,)||(Rg +regs) (21) . .
Fig. 4 compares the transfer characteristic of the three cells.
R=R =Ry== = 2Rs (22)  This graph shows that the new cell is linear beyond +/- 100mV
2 3 input, much greater than the other two gain cells. The
|- Vt_ 3Vt (23) improved linearity in the new cell does not come at the expense
9 re  4Rg of transconductance.

MOSAICV is a trademark of Motorola



4 of 6

The evaluation at zero input of successive derivatives of the
transfer function will yield the Gcoefficients in ( 3). These

coefficients allow for the calculation of the distortion products »: DIEF - 4701
defined in ( 7)-( 10). 9.6 ‘
Fig. 5depicts the first derivative of each transfer characteris [ Differential
tic, this is synonymous with incremental gm or transconduc 8 pair ) : : _
tance. The transconductance of the new cell is ~3dB great 64" / \4 to 1 Differential Pair

than that of a simple differential pair. Also, the transconduc

tance of the new cell changes minimally over a large inpu _ 4.gf \
range. Notice that the cross coupled pair has an improveme 32 g / \
in linearity but a reduction in transconductance when com I 3.2¢
pared to a simple differential pair. C1 for the new cell is showr«_ |2 g /i ){“
to be ~19.5mS. 3 16
Fig. 6 depicts the second derivative of each transfer charac 0" / // \ \\
teristic. The flatness of the curve for the new cell implies that i : 2 .
is much less sensitive to input offset. -1.6 /f
Fig. 7 depicts the third derivative of each transfer character g New Cell
istic. Recall, it is the ratio of the third derivative to the first -3.2F
derivative evaluated at zero input which defin€$ IP A8 i B
DR o -100 -50 AV-O(V) 50 100
20051@ a1 NEW ) . o in . .
g / Fig. 7. Third derivative of transfer function versus delta input
160t voltage (simulated)
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Fig. 6. Second derivative of transfer function versus delta 20E
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Both the cross coupled pair and the new cell have third deriv-
atives which, at zero input, evaluate to nearly zero. This trang-ig. 8. 50Q Noise Figure (dB) versus frequency (Hz)
lates to infinite Ilsi as calculated by ( 13). Notice that the new (simulated)
cell has a third derivative which is much flatter than the cross
coupled pair. This flatness implies that the new cell is very —
insensitive to input offset. 50. = A

It has been shown thus far that the new cell has a larger
dynamic range of linearity and greater transconductance than
both the simple differential pair and the cross coupled pair. 2.
What remains to be shown is the impact that each of the three
cells have on noise. ~

Since each cell is being used as a transconductor with an OL% 0.
put current for a given input voltage, the output current was\®
converted to a voltage with a noiseless differenttlttansre-
sistanceFig. 8 shows the noise figure (dB) of each cell plotted 22
versus frequency (Hz). Simulations show the new cell to have a
noise figure which is ~4.4dB less than a simple differential
pair. The cross coupled pair has a noise figure which is ~1.6dB 10
greater than a simple differential pair. The degradation in noise
figure at higher frequencies for the new cell is due to the
reduced bandwidth of the cell. The bandwidth in the new cellis g
limited by the AC performance of the mirror comprised of Q5

and Q6 Fig. 3.
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Fig. 9. Magnitude of input impedance versus frequency (Hz)
(simulated)
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Fig. 9 shows the magnitude of the input impedance plotted

versus frequency. This plot proves that the new cell maintains a

constant input impedance up to very high frequencies. [p — Im vs Vin
The input resistance of the linearized cell changes only AloudA) = MEASURED

slightly as the input voltage varies.. The applied voltage 8.9 x1¢ -~ SIMULATED

appears at the input of each transconductor and is half the volt- [ ‘ et
age internal to the sourkeFor low distortion operation, the g S”V'ULATED——’/,»/
input to output transfer function should be linear over a very =~ 7

wide range of input voltage. The input resistance changes very [ /r

little even for large input levels. Variations in input resistance 4.9 - 3

with input voltage can cause distortion.

2.0
VI. MEASURED RESULTS - / MEASURED
Define: lin = input current 0.0F
Vin = input voltage - /
Ip = output current (plus) —2.0r
Im = output current (minus)

The linear transconverter was fabricated in the MOSAIC V_ 4 /
0.4um Bipolar technology. Measured and simulated data are
compared in the graphs which follow. A very good correlation
between results is evident. The input DC characteristics of the 67" -

/ L1

transconverter is shown Fig. 1Q The cell has a linear region

greater than +/-400mV. The differential output current shown g g i e

in Fig. 11 maintains the linearity viewed at the input. 40 Y 80 1.0 1.2
‘The individual differential output currents are plotted in Vin(V)

Fig. 12 As the input changes from a negative delta excursion. ) ) " )

to a positive excursion, one output begins to turn off as thE'g- 11. Differential output current versus input voltage

other output current starts to come on. In order to maximize

linearity, the transfer of the current from one branch to the | | *) : MEAI%UIF:EDVS Vin— o SIMULATED
other must be optimized. The sum of the output currents is the p'm\™» . o Ip MCASUREL = Ip
common mode response as depicteHign 13 This response 1. x10 - Im MEASURED __Im SIMULATED
is the common mode signal which appears at the output. C
- Im SIMULATED
L (A) lin vs Vin 8.0 : //
n — MEASURED o -
o 05~ SIMULATED - Ip SIMULATED
. I o [
F —_ -
o SIMULATED / 6.0
6.0F -
saf //I 4.0 y ’
20F "~ MEASURED | Im MEASURED . / Ip MEASURED
- / 2.0¢
0.0F g
-2.0F / - /
4 - / 0.0 T T e T e T L L L
e o 4D 60 80 1.0 1.2
—6.0- Vin(V)
. @E / Fig. 12. Plus and minus output currents versus input voltage
*W@.?\ T T Y O A A B A B A A A B A Another important facet of the cell is the input impedance
A0 .60 .80 1.0 1.2 and the linearity of the transconductance as the input voltage is
Vin(V) varied as shown ifrig. 14 The measured results for both the
Fig. 10. Input current versus input voltage input resistance and the inverse of the transconductance were

measured to be slightly higher (~5%) than the simulated val-
1. A voltage source of valuegWith a source resistance Ban be modeled as  U€S. This result can easily be explained to be due to Vee bus
an ideal voltage source of value Q¥ series with a resistor of valug. RVhen resistance and/or process variation.

the source is loaded with a resistangeeQual to the source resistance Rs, a

voltage Vs appears across the load.
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Al (A) Ip + Im vs Vin am vs FREQUENCY(Hz)
ou —— MFASURED —+: MEASURED
1g. x19 —5 - SIMULATED 0g. x10 2~ SIMULATED

F - MEASURED |

; =l
8.0F P 18. £ A e || WL

g SIMULATED g e T
6ok 16. | : SIMULATED ‘VA
4'@5 /} 14 %
5ok \/ MEASURED i i/

: 0.k
@@ Y T Y N Y I Y I B |

4D 60 80 1.0 1.2 107 108 199 1912
Vin(V) Fig. 15. gm(S) vs. FREQUENCY(Hz)

Fig. 13. Common mode output current versus input voltage

The AC performance of the transconductance is shown in
Fig. 15 The low frequency roll-off is due to a 100pF AC cou-
pling capacitor. Excellent correlation between the data is main- VIl. CONCLUSIONS
tained even up to 1GHz. The measured 3dB bandwidth of the on improved transconductor cell described has been pre-

circuit is 1.8GHz. sented which achieves unprecedented linearity while maintain-
ing a low noise figure and a high transconductance. Linearity is
Rin(Q), 1/gm vs Vin maintained regardless of the source resistance. The measured
1/gm€) —: Rin MEASURED — Rin SIMULATED results of the cell closely match the simulated and theoretical
80, - 1(gm MEASURED 1/gT SIMULATE results.
- . 1l/gm SIMULATED 1/gm MEASURED/ REFERENCES
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