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Absvoct - Tbis paper describes a CMOS pmgrnmmable 
gain smp!ifirr rbst msintsins a 3dB bandwidth greater than 
IIOMHz and can provide 84dB gain control range in IdB 
steps. The PGA cm, P,PO be ~persted in a low power mode 
with 3dB bandwldtb greater than 71MHz. lnregrated with 
this PGA 1% II CMOS IWCCEI~YC logsritbmic detecting 
smpliaer With a f0.7dB logarithmic accuracy over 80dB 
dynamic wnge. II achieves a senrilivity of -83dBm. The 
amplifier consume* 13mA from a single 3V supply in high 
power mode. The chip ares including pads oerupicr 1.5x 
Mmm’. 

F8g.l Block diagram ofa typwal super.he~erodyne system 
Although recently zero-IF and low-IF architecture have 

been widely used recently in v&less telephone handsets 
to reduce the external component count, super-heterodync 
architecture as shown in Fig.1 continues to be widely used 
due 10 its overall better performance Signal pmccssing 
such as amplifying 01 filtering arc usually realized at the 
IF frequency in a supr-heterodyne system. The circuits 
will conmme less power if the signal processing is 
performed al IF frequency rather than at RF frequency. 
Also, offset and flicker noise czm be ignored if most of the 
syrtem gain is realized at IF frequency mthcr than at 
baseband. 

In wireless communication sysfcms, the rcccivcd signal 
exhibits a wide dynamic range a&x passing through 
unpredictable propagation channels, so a PGA 1s ‘ypically 
employed in the signal chain to handle thcsc unprcdictablc 
reccivcd signals. In the design of a PGA with non-uniform 
gain distribution such as proposed in rcfcrencc [l], it is 
difficult to accompany the circuit with a KSSl function, so 
the measn~ement of the received signal strength needs to 
be performed, for example, at baseband. Tiw tracking 
speed for the automatic gain control loop will be lowered. 
In the design of a PGA with uniform gain distribution as 
proposed m reference [2], the RSSI circuit can be easily 
added to the PGA circuit, but unforfunalcly, the RSSI 
characteristics will change when the gam of the PGA IS 
adJusted, so a map,xng from the RSSI output to true signal 
level is required. 

The voltage gain of the proposed PGA in this paper can 
he programmed from OdB to R4dB in IdB steps, which 
corresponds to a programmable range from -MB to 78dB 
in power gain with an input impedance 50R and an 

ou,put impedance 2OOR With this PGA WC also design a 
received signal strength indicator (RSSI) circuit m order 
to monitor the signal strength al IF frequency and use it as 
a reference of how to adjust the pain of the syrrcm. The 
RSSI curve will na( change when WC vary the gain of the 
PGA. The PGA circut WC propose can be used in either 
the received path or the transmit path as shown in Fig. I. 
In section 2 we will describe the circuit architecture of the 
proposed PGA with RSSI. The circuit design of the Rxcd 
gain amplifier and the iinc gain step ampliiicr is 
expounded in section 3 and 4, mspectively. Section 5 
describes the RSSI circuit and some other considerations. 
The expcrimcntal results arc shown in section 6. Finally, a 
simple conclusion is drawn in section 7. 

In our design as shown in Fig 2, we also accompany the 

PGA with a received signal strength indicator circuit, and 
furthermore. the RSSJ curve will not change when we 
adjust the gain of the whole PGA. The PGA cirwf is 
composed of six fixed gain stages, and each gain stage has 
l2dB gam With these six fixed gain stages, we can adjust 
our gain in l2dB gain step over 72dB range by selecting 
the input of the PGA or one of the outputs of the six fixed 
gain stages as shown in Fig.2. We can further inc~easc the 
rcsolulion of rhc PGA by passing the selected output 
signal through B PGA with fine gain steps. for instance 
1dB in our design, to cover l2dB range. So the overall 
gain of the PGA is pmgmmmahlc from OdB to 84dB in 
IdB steps. 
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III. FlXL” GAlN AMPLlFlCR DCSKN 

Due to process variations, the gain of the fixed gain 
amplifiers may vary from 6dB to 15di3, and this wll 
s~gmticantly affect the accuracy of the gam semng of the 
PGA. To accommodate the gain variation caused by such 
process variations, we design a gam control bias circuit to 
gcncrate the bias current for our fixed gain amplifiers, as 
shown m Fig.3. The circuit compares the gain ofthe tixcd 
gain amplifier with the gam WC set, which is equal to 
(R,+ZR,)IR,, and generates the correct bias current to bias 
the fixed gain amplifiers 

For the fixed gain amplifier WC deslgned, power can bc 
saved by lowcring the bandwidth of the ampliticr circml 
BS shown m Fig.3. The load of Ihc fixed gain amplifiers IS 
composed of a resistor in parallel with a voltage 
controlled resistor (VCR). The gam of the fixed gain 
amphfier can bc obtained as, 

when RRls > R,, .( Ic) 

where K=( l/2) u J&(W/L) and h is the channel length 
modulation coefficient. In order to find out the maximum 

gain of the fixed gam amphtier, we can take the 
diffcrcntiation of (lb) with respect to I,,, and it will bc 
shown that Lhc maxmum gam occurs when the nxsLancc 
of the VCR is equal to the resufance of the resistor. This 
means the maximum gain IS achieved when the tad current 
is 2/( 1 XRRI:+ When the rcsistancc RnE, of the resistor IS 
much lower than the rcsistancc RYcR of the VCR, the load 
resistance is dominated by RRIs. So the gam of the tincd 
gam amplifiers can be enlarged by increasing the tail 
current as shown m (la). And the 3dB bandwidth of the 
amphficr is dctcrmined by the pole l/(2 rr xR~~~xC,~,,,) 
formed by the load resistance, i.e. RKFS, and the 
capac”ance C,?.,,,,, at the output node. When RYcR 
dommates the resistance of load, i.e RYcR is much smaller 
than RREs, the gain of the fixed gain amplifier can hc 
cnlargcd by decreasmg the tail current of the amplifier as 
shown in (Ic). And under the circumstance that Rvc, is 
much smaller than RRBS, the 3dB bandwidth of the fixed 
gain amplifier is approximately l/(2 il xR~~~xC,~~,~~,). 
Since Rvrn is smaller than R,,, which is a fixed value, we 
can expect that the 3dB bandwIdth is larger when the Rvrn 
dominates the load resistance and meanwhile the power 
consumption is also highcr As long as the IF frequency 
dots not exceed the bandwidth of the PGA in low power 
mode, power can be saved by operating the circuit in the 
low power mode. 

IV. FINE GAIN STEP AMPLIFIER DESIGN 

In order to achicvc fine gain srcp adjustment, one fine 
gain step PGA wah IdB steps OYCI 12dB range IS 
arranged at the end of Ihc signal chain. The circuit of this 
PGA IS shown in Fig.4. The gam step IS determined by the 
ratio of the gain control transistor M3 lo M4 and M5 to 
M6. The gain of the PGA can bc exprcsscd as the 
followmg equation: 
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F1g.4 Fjne gain step PGA amplifier 

The ratio of K1 to rC, chosen for the voltage gain setting 
of the fine gain amplifier from OdB to 6dB with respect to 
the minimum gain is listed in Table I. For example, the 
gam set by choosmg K,:%=lR:5 is IdB larger than the 
gain set by choosing K,&=I8:6. For voltage gain from 
7dB to 12dB, we stmply apply another 6dB PGA in 

TABLE I 

parallel with the former 6dB PGA. These are shown in 
Fig4 The change of the total width of gain control 
transwors M3 and M4 (M5 and M6) should be as small as 
possible so that the variation of the voltage at point X 
(pomt Y) won’t sigmticantly influence the g. of the input 
transistors Ml and M2. If the varmtion of the voltage at 
point X (point Y) is too large, the gain step error will also 
increase due to the significant mflucnce on the g, of the 
mput transistors Ml and M2. The diffcrcntial output 
points are conncctcd to the powcr supply through two 
external mductors that can improvc the linearity of the 
PGA These two mductors together with the capacitor 
between the differential output nodes also provide 
bandpass t&ring and impedance matching timctions. 

The RSSI circuit is the same as that proposed m 
refercncc [3], and II can function well in spite of the 
proccss vanatlons Tbc coarse gain step adjust arcmt 
must be destgned carefully to ehmmate the ~evcrssc signal 
couplmg from the output of the last stage of the fixed gain 
amphtier chain, otherwise tbc circuit may oscdlatc. 
Double guard rings arc used to prevent substrate coupling. 
The first iixcd gain stage must also bc carefully dcsigncd 
because the offset cancellation circuit will dcducc the gam 
of the first stage. WC have dcsigncd the first fixed gain 
stage with a littlc higher gain to compcnsatc the loss. 

VI. ExPCR~MENTAL RESULTS 

The IF amplifier WC proposed has been fabricated in B 
0 35 II m IP4M CMOS process. The capacitors used for 
frequency compensation in our operational ampbticr for 
the bias circuit are rcallzcd using MOS capac~tars. The 
gain programing logic circuit and RSSl circuit are also 
integrated with this IF amphr’ier. The test chip IS dxcctly 
bonded to a PCB surrounded with the reqmred external 
components The programmable powcr gam range is from 
-7.78dB to 79.79dB in normal opcratlon (at 1 IOMHz) 
mode and -7.79dB to R0.03dB ig low power operation (at 
7lMHr) mode as shown in Fig.5. It can be found that the 
peaks ofgain step error occur evcly I2 dB because of the 
l2dB gain ofthe tixcd gain amplifiers. The gain step error 
is kept within i0.4dB when the test chip is operated in 
either mode. The mput impedance is 50R and the output 
impedance is 2OOn. In Rg.6 it is shown that the 
measured RSSI accuracy is fO.7dB with the input signal 
varied from -83dBm to -3dBm. The accuracy of the 
muhimefer used for measuring the RSSl circmt IS IOmV. 
which comaponds to about 0.6dB. The measured oCP is 
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Fig.7 IF Amphfter OCP and IP3 

-4dBV and the oIP3 is 10.6dBV which are shown in Fig.7. 
The IC conswnes 13mA from 3V when operated in 
normal mode and 5mA from 3V when opcratcd in low 
power mode The chip micrograph is shown in Pi6.8. The 
chip area including pads occupies 1.5 ti.5mm’. Table II 
summarizes the key measured performances. 

VI. CONCLUSlONS 

In this paper we realized a I IOMHz 84dB pr&rammable 
gain amplifier using standard CMOS technology. Despite 
of the process variations. the perfomnnce can be 
mamtained excellent by using the gain controlled bias 
circuit The progmmmablc gam ampliticr can be operated 
when the minimal input signal IS -83dBm. High gain step 
accuracy (*.4dB) with IdB resolution is be saved under 
low power mode when the frequency of the input signal is 
lower than 74MHr. 

The authors would like to thank National Chip 
Implementation Center and MediaTek Incorporation, 
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